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Abstract  
 
Spin-glass properties of magnetic quasicrystals with spins placed on a quasiperiodic lattice, and complex metallic 
alloys, characterized by giant unit cells, are reviewed. The systems exhibit rich variety of broken-ergodicity 
phenomena that share properties with site-disordered canonical spin glasses and site-ordered geometrically frustrated 
antiferromagnets. Magnetic frustration provides basis of a novel concept of digital data storage, where a byte of 
digital information can be stored into the material by pure thermal manipulation, in the absence of electric, magnetic 
or electromagnetic field. 
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1. Introduction 
 
The out-of-equilibrium dynamics of magnetically 
frustrated systems is one of the challenging fields in 
condensed matter physics, both theoretically [1,2] and 
experimentally [3-5].
 The dynamics of these systems is 
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characterized by a continuous slowing-down of spin 
fluctuations (reorientations) upon cooling and 
frustration implies that there exists a broad spectrum of 
reorientation times, ranging from microscopic up to the 
age of the universe. At the spin freezing temperature Tf, 
the system undergoes an ergodic–nonergodic phase 
transition, where below Tf, spin reorientations can no 
longer maintain thermal equilibrium on the 
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Review   www.jastmag.org  
DOI 10.5355/JAST.2012.1 2  Journal of Analytical Science & Technology (2012) 3 (1), 1-41 
 
 
 
 
experimentally accessible time scales. Ergodicity of the 
spin system is consequently broken and the out-of-
equilibrium dynamics is associated with slow approach 
towards thermodynamic equilibrium, which can never 
be reached due to macroscopic equilibration times. 
Typical broken-ergodicity phenomena observed in 
magnetically frustrated systems are (i) a large 
difference between field-cooled (fc) and zero-field-
cooled (zfc) magnetic susceptibilities below Tf in small 
magnetic fields; (ii) the zfc susceptibility exhibits a 
frequency-dependent cusp associated with a frequency-
dependent freezing temperature,  ( ) ν f T ; (iii) there 
exists an ergodicity-breaking line in the magnetic field–
temperature ( T H − ) phase diagram (the de Almeida–
Thouless line) and (iv) the third-order nonlinear 
susceptibility  3 χ shows sharp anomaly in the vicinity of 
Tf. The ultra-slow approach towards thermal 
equilibrium in experiments involving isothermal aging 
periods, where the spin system is let to partially 
equilibrate during a finite "waiting" (or "aging") time 
w t  under steady external conditions (temperature, 
magnetic field), yields additional broken-ergodicity 
phenomena: (v) a logarithmically slow time decay of 
the thermoremanent dc magnetization (TRM), (vi) the 
memory effect (ME), where a state of the spin system 
reached upon isothermal aging can be retrieved after a 
negative temperature cycle and (vii) "rejuvenation", 
where small positive temperature cycle within the 
nonergodic phase erases the effect of previous aging, so 
that the spin system becomes "young" (unaged) again. 
The ME is experimentally manifested as a "thermal-
imprint" in the zfc electronic magnetization  zfc M at the 
temperature of aging, which shows depletion (a dip) as 
compared to  zfc M  of the no-aging case. The ME and 
the rejuvenation are the most spectacular manifestations 
of the out-of-equilibrium dynamics of a nonergodic 
frustrated spin system, but are currently incompletely 
understood (a comprehensive review on the subject can 
be found in [5]). 
The most studied examples of magnetically 
frustrated systems are spin glasses (SGs) [6], denoting 
site-disordered spin systems that possess (a) frustration 
(the interaction between spins is such that no 
configuration can simultaneously satisfy all the bonds 
and minimize the energy at the same time) and (b) 
randomness (the spins are positioned randomly in the 
material). These two properties lead to highly 
degenerate free-energy landscapes with a distribution of 
barriers between different metastable states, resulting in 
broken ergodicity below Tf. Prototype SGs are 
canonical spin glasses (dilute magnetic alloys of noble 
metal host (Cu, Ag, Au) and a magnetic impurity (Fe, 
Mn)). The interaction between spins in canonical SGs 
is the conduction-electrons mediated Ruderman-Kittel-
Kasuya-Yosida (RKKY) exchange interaction. This 
interaction oscillates in space and can be either 
ferromagnetic of antiferromagnetic, depending on the 
distance between spins. Combined with randomness, 
the RKKY interaction results in frustration. At Tf , the 
spin  correlation length ξ  becomes infinite (
3 ξ is the 
volume within which the spins develop correlations), so 
that all the spins participate in the collective SG state. 
It has been discovered later that very similar broken-
ergodicity properties develop also in pure (i.e. site-
ordered) systems without quenched disorder [7-11]. 
These are geometrically frustrated antiferromagnets 
(AFMs) with kagomé  and pyrochlore lattices, where 
triangular or tetrahedral distribution of nearest-neighbor 
AFM-coupled spins frustrates an ordered periodic 
system. Such systems are known as "topological" or 
"geometrically-frustrated" SGs. Many of their 
properties (the zfc–fc magnetization splitting, the 
frequency-dependent  ( ) ν f T , the de Almeida-Thouless 
line, the  3 χ  anomaly and the slow relaxation of 
magnetization below  f T ) closely resemble the situation 
in site-disordered SGs. However, the important 
difference is the short correlation length ξ usually 
encountered in geometrically frustrated SGs, where ξ  
is non-zero already at relatively high temperatures 
(compared to  f T ) and does not increase significantly 
with decreasing temperature. What really changes upon 
cooling is the characteristic time scale of the fluctuating 
moments, which slow down and exhibit a dramatic spin 
freezing below  f T . The short ξ  demonstrates that the 
spins form magnetic clusters. The appropriateness of 
describing these systems as SGs depends on the 
coupling between clusters. In the case of interacting 
clusters, such a system may be viewed as a usual SG 
with renormalized magnetic moments, whereas the 
system of noninteracting clusters would be just a 
superparamagnet. Superparamagnetic clusters below 
the blocking temperature  B T  exhibit very similar 
features as SGs, i.e. their ergodicity is broken on the 
experimental time scale. Due to some anisotropy  Dolinšek and Jagličić  3 
 
 
 
 
energy, the reorientation of a cluster by the magnetic 
field may be "blocked" over a macroscopic time scale. 
It is, therefore, many times difficult to discriminate 
between a true SG and a superparamagnet.  
Another class of magnetically frustrated materials are 
magnetic quasicrystals (QCs), where spins are placed 
on a quasiperiodic lattice that exhibits nonperiodic 
long-range order with crystallographically forbidden 
symmetries like 5-, 8-, 10- or 12-fold rotation axes. SG 
phenomena were observed in two kinds of magnetic 
QCs. The first are the Al-based icosahedral i-Al-Pd-Mn 
and i-Al-Cu-Fe families, where the d electrons of the 
transition metal (TM) atoms represent the basic 
reorientable magnetic dipoles. In these systems only a 
small amount of Mn (typically 1% of all Mn atoms) 
[12-14] and Fe (typically 
4 10
− of all Fe atoms) [15] 
carry magnetic moments, the rest being nonmagnetic. It 
is sometimes difficult to classify these d moments as 
localized or itinerant unambiguously. The second kind 
is the rare-earth-containing QCs, where the f magnetic 
moments of the rare-earth (RE) atoms are well 
localized and sizable. Currently there are two members 
of this class, the icosahedral i-RE-Mg-Zn [16-18] and i-
RE-Mg-Cd [18-20] families. The RE concentration in 
these samples is large, about 10 at. %, and all the RE 
atoms are magnetic. Together with good localization of 
the  f  moments, this makes these systems ideally 
suitable to study the behavior of spins in a 
quasiperiodic structure. The QC structures contain 
many lattice sites with partial, split or mixed occupancy, 
leading to substitutional and topological disorder in the 
lattice. A certain degree of randomness is thus present 
in the QC structures. The spins placed on a 
quasiperiodic lattice may also exhibit geometrical 
frustration. For instance, a QC structure of icosahedral 
symmetry is usually built of icosahedral atomic clusters. 
An icosahedron is composed of twenty equilateral 
triangles, so that the AFM-coupled spins placed on a 
perfect icosahedron should exhibit geometrical 
frustration in very much the same manner as the spins 
on a triangular or tetrahedral kagomé and pyrochlore 
lattices. The classification of the SG phase in magnetic 
QCs as site-disordered or geometrically frustrated 
remains an open question; perhaps it is a combination 
of both. 
Recently, magnetic frustration was reported for 
another class of materials, the complex metallic alloys 
(CMAs), characterized by giant unit cells that comprise 
from hundreds to thousands of atoms. Typical broken-
ergodicity phenomena were reported for the 
orthorhombic Taylor phase T-Al3Mn and its ternary 
extensions T-Al3(Mn,Pd) and T-Al3(Mn,Fe) [21,22], all 
comprising 156 atoms in the unit cell. The Taylor phase 
is recognized as an approximant phase to the d-Al-Mn-
Pd decagonal quasicrystal (d-QC), showing structural 
similarity to the d-QC on an intermediate scale of 
atomic clusters. Due to this structural similarity, and 
being periodic solids in three dimensions, QC 
approximant phases are suitable to investigate and 
model the physical properties of the true QC phases 
without translational periodicity, where the lack of 
periodicity prevents any quantitative theoretical 
analysis by standard theoretical approaches. The study 
of approximant phases may thus elucidate the origin of 
magnetic frustration in QCs (i.e., site disorder versus 
geometrical frustration). In the case of the Taylor phase, 
most lattice sites in the structure show either fractional 
occupation (the sites are too close in space to be 
occupied simultaneously) or mixed TM/Al occupancy, 
so that there exists substitutional and topological 
disorder on the lattice. Randomness is thus present in 
the Taylor phase, suggesting site-disordered origin of 
the SG phase. Geometric frustration in the Taylor phase 
has not been confirmed, though it may be present as 
well. Magnetic frustration and SG ordering were 
observed also in the µ-Al4Mn complex intermetallic 
phase with 563 atoms in the giant unit cell [23], which 
is an approximant phase to the Al–Mn quasicrystal. The 
µ-Al4Mn structure, although highly complex, shows a 
very low amount of disorder with only two Al sites 
being partially occupied. In the absence of site disorder, 
magnetic frustration in the µ-Al4Mn phase is of purely 
geometrical origin due to triangular spin clusters in the 
lattice. SG phases originating from randomness and 
geometric frustration were reported also for the FeAl2 
and Fe2Al5 complex intermetallic phases [24]. 
In this review paper, we present spin glass properties 
and out-of-equilibrium dynamics of magnetically 
frustrated QCs [18] (the icosahedral RE-containing 
class) and CMAs [21], by pointing out their similarities 
as well as differences to canonical SGs and 
geometrically frustrated AFMs. We also show that 
magnetic frustration provides basis of a novel concept 
of digital data storage  [25], where a byte of digital 4  Journal of Analytical Science & Technology (2012) 3 (1), 1-41 
 
 
 
 
information is stored into the system of frustrated spins 
by pure thermal manipulation, in the absence of electric, 
magnetic or electromagnetic field. 
 
 
2. Spin-glass properties of rare-earths-
containing icosahedral quasicrystals 
 
2.1. Origin of magnetic frustration in rare-earths-
containing quasicrystals 
Being electrically conducting solids, the basic 
interaction between spins in the RE-containing class of 
icosahedral QCs is the RKKY exchange interaction. 
The aperiodic distribution of RE–RE distances 
frustrates the spin system [18]. Here it is important 
noticing that the RE spins are not positioned randomly 
in the i-RE-Mg-Zn(Cd) structure, but occupy well-
defined lattice sites [26], so that frustration is of 
geometrical origin. In real samples, structural and 
chemical disorders on the lattice reintroduce some 
degree of randomness. However, it was reported [27] 
that real i-RE-Mg-Zn samples could be grown to the 
best structural perfection, containing small amount of 
disorder only, so that these systems can be considered 
as a physical realization of a topological glass. From 
this point of view, the situation is similar to the 
geometrically frustrated AFMs, but with an important 
difference. The interaction between spins in the above 
AFMs is the nearest-neighbor direct exchange, whereas 
in the i-RE-Mg-Zn(Cd), it is the RKKY interaction.  
Another similarity of the i-RE-Mg-Zn(Cd) QCs to 
the geometrically frustrated AFMs is the cluster 
structure of the spins. There are several features that 
indicate the presence of magnetic clusters in the i-RE-
Mg-Zn(Cd). The most direct observation was reported 
for the i-Ho-Mg-Zn, where neutron scattering has 
detected novel short-range spin correlations [28], 
described by a six-dimensional modulation vector. The 
remarkable issue is the fact that the spin correlations 
terminate with a short correlation distance,  ≈ ξ 1 nm. 
An almost identical short-range spin cluster structure 
was observed also in the i-Tb-Mg-Cd [29], even though 
its atomic structure belongs to a fundamentally 
different type of icosahedral lattice (primitive 
icosahedral or P type), as compared to the i-Ho-Mg-Zn 
(face-centered icosahedral or F type). An indirect 
observation of magnetic clusters was also provided by 
the Vogel-Fulcher-law analysis of the frequency-
dependent ac magnetic susceptibility in the i-Tb-Mg-Zn 
[30], where the Vogel-Fulcher temperature (amounting 
0 T = 4.8 K, as compared to the freezing temperature  f T
= 5.8 K) is considered as a measure of the interaction 
strengths between clusters in a spin glass. Similar 
features (short AFM correlations and Vogel-Fulcher-
law ac susceptibility) were reported also for the 
geometrically frustrated kagomé  AFM 
(H3O)Fe3(SO4)2(OH)6  [11] (where  ≈ ξ 1.9 nm) and 
pyrochlore Tb2Mo2O7 [7].  
Magnetic clustering properties of a purely 
geometrically frustrated quasiperiodic system were also 
predicted theoretically for some prototypical QC 
lattices. A study of Ising spins on a one-dimensional 
Fibonacci chain [31] found a ground state with a 
hierarchical structure of nested clusters, which 
underwent gradual paramagnetization in an external 
field with increasing temperature. A complicated spin 
structure was also found for a two-dimensional Penrose 
lattice [32]. Magnetic clustering thus seems to be an 
intrinsic feature of the geometrically frustrated spin 
systems, either periodic or quasiperiodic.  
The above considerations suggest that the i-RE-Mg-
Zn(Cd) QCs are closely related to other geometrically 
frustrated spin systems, whereas they are less similar to 
site-disordered spin glasses. It, therefore, depends on 
the coupling strength between clusters in order to 
classify them as SGs or superparamagnets (or a 
combination of both). The experimental observations of 
their magnetic properties [30,33] show typical broken-
ergodicity phenomena, like the zfc-fc magnetization 
splitting, the frequency-dependent  ( ) ν f T , the 
ergodicity-breaking line in the  T H − diagram, the 
negative anomaly in  3 χ  and aging effects in the dc 
magnetization. The minimum in  3 χ  is usually 
considered as a particularly strong evidence of a 
thermodynamic phase transition to a SG state. Its 
standard interpretation is that the spin fluctuations 
freeze at  f T critically with a power law  ( )
γ χ
− − ≈ f T T 3
and the correlation length ξ  tends to infinity. However, 
in view of the short correlation length observed in the i-
Ho-Mg-Zn and i-Tb-Mg-Cd, this interpretation needs 
further consideration in the case of the i-RE-Mg-Zn(Cd) 
QCs. Another argument suggesting superparamagnetic 
nature of spin freezing in the RE-containing QCs is the 
recently reported [17] linear (superparamagnetic)  Dolinšek and Jagličić  5 
 
 
 
 
relation between the thermoremanent magnetization 
(TRM) and the field-cooling magnetic field, 
fc TRM H M ∝ , in the i-Tb-Mg-Zn. This behavior is just 
opposite to that expected for site-disordered SGs, where 
the TRM amplitude (normalized to its field-cooled 
magnetization value  fc M ) should decrease for an 
increasing field [34]. The above experimental results 
therefore do not allow making an unambiguous 
classification of the i-RE-Mg-Zn(Cd) systems as SGs 
or superparamagnets. It is important to stress that a 
superparamagnetic component in the magnetization 
was found quite commonly in the geometrically 
frustrated AFMs. A nice example is the kagomé AFM 
(H3O)Fe3(SO4)2(OH)6  [11], where the progressive 
freezing of superparamagnetic entities over a wide 
temperature range is manifested in a continuous growth 
of the fc magnetization also below the zfc–fc splitting 
temperature  f T . A related situation was observed in the 
i-RE-Mg-Cd QCs [33]. There, the zfc-fc magnetization 
splitting occurs at the temperature  1 f T (Fig. 1a) [18], 
whereas short-range spin correlations (spin clusters) 
appear already slightly above  1 f T , as shown by the 
neutron experiment [29].  However, the fc 
magnetization continues to grow also below  1 f T  down 
to the temperature of another anomaly at  2 f T , below 
which it becomes temperature-independent. The origin 
of the second anomaly at  2 f T  (that is almost H –
independent [33]) is not clear at present, but it is 
straightforward to associate the growth of the fc 
magnetization between  1 f T  and  2 f T  with a 
superparamagnetic component in the magnetization. In 
contrast, the fc magnetization below  f T  was found 
temperature-independent in the i-RE-Mg-Zn family [30] 
(Fig. 1b), as typical for site-disordered SGs. Strong 
superparamagnetic components were found also in 
other  geometrically frustrated jarosite samples [35]. 
These samples also showed a divergence of the 
nonlinear susceptibility  3 χ , normally associated with a 
SG transition, which could not be explained properly. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.  Low-temperature field-cooled (fc) and zero-field-
cooled (zfc) dc magnetic susceptibilities of (a) Tb-Mg-Cd in 
an applied field of 10 Oe and (b) Tb-Mg-Zn in 5 Oe [18]. The 
lines are guides for the eye. 
 
2.2. Aging of a nonergodic spin system 
The fundamental physical property that distinguishes 
between a SG and a superparamagnet is the shape of 
the free energy landscape in the phase space [18]. For 
SGs, the free energy surface is highly degenerate, 
exhibiting many local and global minima that are 
separated by a distribution of barriers.  A SG-structure 
of the free-energy surface was theoretically predicted 
by Parisi [36] by the replica-symmetric solution of the 
Sherrington-Kirkpatrick model. The Parisi solution 
generates a large number of pure states characterized by 
an overlap function  αβ q between any two spin states α
and  β ; 
β α
αβ i
i
i m m N q ∑ − =
1 . Here 
α
i m is the thermal 
average magnetization at a site i in a state α , and N is 
the total number of spins (assumed here to be Ising-
type). The self-overlap  αα q is the (temperature-
dependent) Edwards-Anderson order parameter  EA q , 
obeying the relation  ( ) ( ) T q q T q EA EA ≤ ≤ − αβ . The 
number  S N of metastable states, or equivalently, the 
 6  Journal of Analytical Science & Technology (2012) 3 (1), 1-41 
 
 
 
 
number of relative minima of the free energy can be 
computed from the Thouless-Anderson-Palmer (TAP) 
equations [37]. Close to the freezing temperature  f T , 
S N  increases exponentially with decreasing T [38] as 
( ) ( ) { }
6 1 81 8 exp f S T T N N − = , so that the complexity of 
the free-energy landscape in configuration space 
increases enormously as T is lowered. The organization 
of the metastable states obeys the property called 
ultrametricity [39]: any three states α ,  β and γ having 
mutual overlaps  αβ q ,  αγ q and  βγ q have at least two of 
the three overlaps equal and the third one is larger than 
or equal to the other two. This property can be 
translated mathematically into a hierarchical tree-like 
organization of the states (Fig. 2), where, on lowering 
the temperature, each state α  gives "birth" to  α N  new 
states, providing a continuous ramification of the phase 
space. The states are separated by energy barriers 
whose heights increase exponentially with decreasing 
temperature [40]. At a given temperature, the energy 
barriers increase exponentially also with the Hamming 
distance [40,41]  ( ) 2 αβ αβ q q d EA − =  between the 
states  α and  β , where  αβ d  measures the difference 
between the two states (the more spins are flipped over 
from one state to another, the smaller their overlap and 
the larger their Hamming distance). If the spin system 
is to reach internal equilibrium upon cooling below  f T , 
all barriers must be surmounted. However, the 
ultrametric organization of states results in a wide 
distribution of energy barriers that induces broad 
distribution of jump times over the barriers, extending 
from microscopic times up to the age of the universe. 
The size of the phase space and the height of the 
barriers thus prevent the spin system to reach thermal 
equilibrium during experimentally accessible time 
scales. Only a small portion of the phase space is 
explored during the experimental time window.  
The free energy surface of a superparamagnet is, on 
the other hand, much simpler. Unlike SGs, where there 
are many degenerate minima in the free energy surface, 
the free energy of a superparamagnet in a magnetic 
field exhibits a single global minimum, corresponding 
to the Zeeman energy,  H M SP , of a Curie-type 
superparamagnetic (SP) magnetization of independent 
superparamagnetic clusters,  T H C M SP SP = , in an 
external field H . Due to the cluster anisotropy energy, 
there are also some smaller local side minima 
superimposed on the global minimum, into which the 
system of clusters may be temporarily trapped below 
the blocking temperature  B T  on approaching the global 
ground state.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.  Coarse-grained free-energy surface for the 
ultrametric organization of metastable states in spin glasses 
[18]. When the temperature is lowered (T2 < T1 < Tf), each 
valley subdivides into others. The barriers between valleys 
"born" from the same ancestor state are small, whereas they 
are increasingly higher for states that have the closest 
common ancestor higher on the hierarchical tree (shown by 
the dashed lines). Aging denotes jumping of the system over 
potential barriers during the waiting time tw. 
 
The crucial experiment that probes the actual shape 
of the free-energy landscape in the phase space is the 
observation of slow relaxation (aging) effects in the 
thermoremanent dc magnetization (TRM) time-decay 
[40,34]. In this experiment (Fig. 3) one cools the 
sample in a field  fc H  from above  f T to a measuring 
temperature  f T T < 1 in the nonergodic phase, where one 
lets the system to age for a time  w t . We discuss first the 
aging scenario for the ultrametrically organized SG free 
energy. There, during waiting at  1 T , the spin system 
explores different metastable states within the phase 
space by jumping over the barriers. The largest barrier 
max ∆ surmounted during the waiting time (assuming 
thermally-activated motion) is  1 T –  and  w t –dependent 
and given by  ( ) ( ) τ w B w t T k t T ln , 1 1 max = ∆  (where τ  is a 
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microscopic attempt time), so that  max ∆ limits the 
portion of the phase space visited. Ultrametricity 
requires that the barriers between states "born" from the 
same ancestor in one hierarchical step on the 
ultrametric tree are small (Fig. 2), whereas they become 
increasingly higher for the states that have the closest 
common ancestor separated by increasingly more steps 
of hierarchy [42,40]. At the end of the waiting time  w t , 
the field  fc H is cut to zero and the magnetization time-
decay is measured. Here two closely related processes 
occur [34]. First, a new set of metastable states with 
zero magnetization replaces the set of metastable states 
with magnetization  fc M as the ground state. Second, 
this causes a "tilt" in the free-energy surface, which 
rapidly empties those occupied states at  fc M  with 
barriers less than or equal to the change in the Zeeman 
energy,  fc fcM H . This results in a rapid decay of a part 
of magnetization (called the reversible part) upon 
0 → fc H . For longer times, a much slower process sets 
in. This is the diffusion from occupied states with  fc M
with barriers larger than the change in the Zeeman 
energy,  fc fcM H , towards the states with zero 
magnetization. The corresponding magnetization part is 
the irreversible TRM and its decay is very slow, 
typically much slower than any experimental 
observation time. The TRM decay depends on the 
aging time  w t  spent at  1 T  prior to cutting the field to 
zero as well as on the magnitude of the field  fc H . 
Longer waiting times  w t  enable the system to jump 
over higher barriers, so that the TRM amplitude 
becomes larger and its decay slower (the system has to 
jump back to states with zero magnetization over the 
same barriers). The dependence of the TRM on  fc H is 
just opposite. The larger is the cooling field  fc H (which 
should always be in the low-field region where the zfc 
and fc magnetizations differ markedly), the smaller is 
the region of populated states in the phase space 
bounded by barriers of height  ( ) fc fc w M H t > ∆ , so that 
a smaller irreversible part (TRM) of the magnetization 
remains after  0 → fc H . The TRM amplitude 
(normalized to  fc M ) thus decreases with increasing 
field  fc H [33]. The above  w t – and  fc H – dependences 
of the TRM were observed experimentally in several 
SG compounds [34,40,43].  
From the theoretical side, no satisfactory description 
of the TRM exists at present. There are several 
phenomenological approaches that describe the 
ultraslow TRM time-decay. It was suggested [44] that 
the decay law of any remanent (RM) magnetization 
(thermoremanent, isothermal remanent) is a logarithm 
of time,  ( ) t S const t M RM RM ln .− = , where the 
coefficient  RM S  is called the "magnetic viscosity". In 
another study [45] it was argued that the  t ln –law is not 
a valid description over many decades of time. Rather, 
the decay is more consistent with a power-law 
( ) ( ) H T a
RM t t M
, − ∝ , where the exponent  ( ) H T a ,  
depends on both the temperature and the field. In still 
another approach [46], the remanent magnetization 
time-decay is described as a fractional exponential 
decay with a stretched-exponent  α , 
( ) ( ) α t const t M RM ⋅ − ∝ exp , where  1 0 < <α . Regarding 
the  H –dependence of the TRM, there exists no 
theoretical model apart from the qualitative picture 
given above.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.  Protocol for the thermoremanent magnetization 
(TRM) time-decay measurement [18]. The sample is cooled 
in a field Hfc from above Tf  to T1. At T1 one waits a time tw 
before reducing the field Hfc to zero. Following Hfc→0, there 
is a rapid decay of the reversible part of the magnetization, 
followed by a slow decay of the irreversible part (TRM) of 
the magnetization.  
 
The aging scenario for the case of a 
superparamagnetic free energy surface is different. In a 
field-cooled run at temperatures above the blocking 
temperature  B T , the magnetization of 
superparamagnetic clusters at any temperature and field 
assumes its thermal equilibrium value  T H M fc SP ∝
0 . 
On going below  B T ,  the reversible part of the 
magnetization still acquires its equilibrium value 
T H C M fc rev rev = . However, since below  B T  the 
thermal energy is ineffective in reorienting the cluster 
magnetic moments, the total magnetization cannot 
 8  Journal of Analytical Science & Technology (2012) 3 (1), 1-41 
 
 
 
 
reach the equilibrium state at a particular temperature 
for a too fast cooling rate, but lags behind its thermal 
equilibrium value 
0
SP M . Stopping the cooling run at  1 T  
and letting the system to age there for a time  w t  in a 
field  fc H , the magnetization approaches its 
equilibrium value. The approach to equilibrium can be 
described phenomenologically by a stretched-
exponential function with the field-cooled time constant 
fc τ  and a stretched-exponent  α , so that the total 
magnetization at  1 T  and  fc H , as a function of  w t , can 
be written as [17]  
( ) ( )






− + =
− α τ fc w t
TRM rev w fc e M M t H T M 1 , ,
0
1 .  (1) 
The difference  TRM rev M M M = −  is the 
thermoremanent magnetization, which acquires its 
equilibrium value  T H C M fc TRM TRM =
0  only for long 
waiting times  ∞ → w t . After cutting  fc H  to zero, the 
reversible magnetization decays to zero already after a 
short time, whereas the TRM decay is much slower and 
can be again described by a stretched-exponential 
function with the time constant  0 τ  and stretched- 
exponent β  (the zero-field slow-relaxation parameters 
may differ from their field-cooled values). For decay 
times t  long enough that  rev M  has already vanished 
completely, the TRM time-decay may be written as [47]  
( ) ( ) ( )β τ α τ 0 1 , , 0 ,
0
1
t t
TRM w fc e e M t t H T M
fc w − −






− = =   (2)                                                                         
Eqs. (1) and (2) predict the following TRM 
dependence on  w t  and  fc H . For longer aging times, 
the TRM amplitude becomes larger and its time decay 
slower (as increasingly less reorientable clusters are 
participating in the process). This is exactly the same 
behavior as for a SG system in an ultrametrically 
organized free energy. The basic difference between a 
superparamagnet and a SG is, however, provided by the 
field-dependence of the TRM magnitude, which, in a 
superparamagnet, is proportional to  fc TRM H M ∝
0 . 
There thus exists a linear (paramagnetic) relation, 
fc TRM H M ∝ , between the TRM amplitude and the 
magnetic field  fc H . By normalizing the TRM to the 
field-cooled magnetization value  fc M  at  1 T , one 
should obtain, for a superparamagnet, a 
. const M M fc TRM =  line, independent of  fc H . For a 
SG, in contrast,  . const M M fc TRM ≠ , but decreases for 
an increasing  fc H [34]. It is, therefore, the  ( ) fc TRM H M  
dependence, which can discriminate between a SG and 
a superparamagnet below the blocking temperature. 
 
2.3. Thermoremanent magnetization measurements 
in icosahedral i-Tb-Mg-Zn and i-Tb-Mg-Cd 
quasicrystals 
The TRM decay experiments, as a function of  w t  
and  fc H , were performed on two RE-containing 
icosahedral QCs, the i-Tb-Mg-Zn and the i-Tb-Mg-Cd 
[18].  The first sample, of nominal icosahedral 
composition Tb9Mg34Zn57 (in the following referred to 
as Tb-Mg-Zn), was single-grain, grown by the self-flux 
technique and its growth details are published 
elsewhere [27]. The sample exhibited clearly defined 
pentagonal facets and dodecahedral morphology. It 
originated from the same source as the samples used in 
another magnetic study [30]. It should be noted that the 
i-RE-Mg-Zn samples produced by the self-flux 
technique are claimed to be structurally exceptionally 
well ordered [27]. Another advantage of using a self-
flux grown single-grain  i-Tb-Mg-Zn sample is the 
absence of a closely related periodic rhombohedral r-
Tb-Mg-Zn phase of approximate composition 
Tb7Mg31Zn62  (quite close to the composition of the 
icosahedral phase), which is often found in as-cast 
polygrain samples. The rhombohedral r-Tb-Mg-Zn 
undergoes at 14 K a magnetic transition with some 
ferromagnetic component [30], so that its precipitates 
within the icosahedral i-Tb-Mg-Zn phase, even in small 
quantities, could severely obscure the intrinsic 
magnetism of the icosahedral phase.  
The Cd-containing sample, of nominal composition 
Tb11.6Mg35.2Cd53.2  (referred to as Tb-Mg-Cd), was 
prepared by a high-frequency induction melting method, 
followed by annealing at 450 
oC for 150 hours. This 
sample originated from the same batch as those used in 
the previous magnetic measurements [33]. Earlier 
growth investigations [19,20] show that the icosahedral 
phase in RE-Mg-Cd is usually contaminated by a 
crystalline phase  RE20MgxCd80-x  (x ≈  20).  This 
crystalline phase contains a large amount of RE atoms 
(about 20 at. %), and may possibly smear magnetic 
signals from the QC phase. In order to avoid the ternary 
crystalline phase, the optimal RE concentration (about 
15 at. %) for the icosahedral composition was slightly 
reduced. The dominant phase is then the 
quasicrystalline phase, with no ternary crystalline phase  Dolinšek and Jagličić  9 
 
 
 
 
present, but a small amount of the Cd-Mg binary phase 
appears [33]. This binary phase is nonmagnetic and, 
therefore, does not affect the magnetic measurements. 
Our Tb-Mg-Cd sample was thus a mixture, composed 
not only of the icosahedral QC, but contained also a 
small amount of a second phase, which shows no 
magnetism. However, it should be kept in mind that 
even a tiny amount of the ternary crystalline phase 
precipitates could influence the magnetic response of 
real i-Tb-Mg-Cd samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. (a) TRM time decays of the fc magnetization ( fc H = 
125 Oe) in icosahedral Tb-Mg-Zn at 4.2 K for different aging 
times ranging from 1 min  to 5 h [18]. Solid curves are 
stretched-exponential fits with the fit parameters given in 
Table 1. The inset shows  w t –dependence of the TRM 
amplitude (normalized to the field-cooled value) after the 
decay time of 120 min. Solid curve is the fit to Eq. (2). (b) 
TRM time-decays obtained for  w t = 10 min and  fc H = 60 Oe 
at two temperatures: 7.0 K > Tf  and 4.8 K < Tf. No 
measurable TRM is observed at 7.0 K = 1.2Tf. 
The TRM measurements were performed by two 
kinds of experimental setups [17,18]. Majority of the 
measurements (those shown in Figs. 4b, 5 and 6) were 
performed by a Quantum Design MPMS XL-5 SQUID 
magnetometer, equipped with a 5-T superconducting 
magnet and operating between 400 and 2 K. It is known 
that during field-cycling experiments, the 
superconducting magnet can acquire a small non-zero 
remanent field, of the order of 1 Oe, which can 
critically affect the low- and zero-field measurements in 
the case of the TRM time-decays. This field is removed 
by a standard calibration procedure, but in order to 
check independently for the true zero-field 
measurements, some of the experiments (shown in Fig. 
4a and its inset) were conducted in a SQUID 
magnetometer using a solenoid electromagnet coil, 
which did not suffer from the remanent-field problem 
(here, however, the effect of the Earth's magnetic field 
had to be subtracted). No discrepancy between results 
obtained by the two setups was found.  
In the TRM-decay experiments on the Tb-Mg-Zn 
[18], the sample was rapidly field-cooled from 25 K 
(cooling rate 5 K/min) through the freezing temperature 
( f T = 5.8 K) to a variety of measuring temperatures ( 1 T
= 4.8 K = 0.83 f T ,  2 T = 4.2 K = 0.72 f T  and  3 T = 4.0 K 
= 0.69 f T ). In the first set of experiments (TRM as a 
function of  w t ), the sample was cooled in a field  fc H  = 
125 Oe and left at  2 T = 4.2 K for waiting times ranging 
from  w t = 1 min to 5 h. After cutting the field to zero, 
the magnetization decay curves (Fig. 4a) were recorded 
inside the total experimental time of 120 min. The 
magnetization normalized to its field-cooled value  fc M  
could be well reproduced by a stretched-exponential 
function  ( ) { }
β τ0 exp t M M fc − = . The zero-field fit 
parameters—the attempt time  0 τ  and the stretched 
exponent  β —are given in Table 1. The obtained β  
values close to zero (ranging from β  = 0.077 at  w t = 1 
min  to  β  = 0.037 at  w t = 5 h) demonstrate the 
extremely slow TRM time-decay, which becomes 
progressively slower ( β  decreases) for longer  w t . The 
magnitude of the TRM recorded after the decay time of 
120 min, as a function of  w t , is displayed in the inset of 
Fig. 4a. Following the initial fast increase,  ( ) w t M120  
exhibits a much slower increase for longer waiting 
times. Here it can be seen that the TRM amplitude is 
small compared to the reversible magnetization  rev M  
and for the longest waiting time  w t = 5 h amounts to 
 10  Journal of Analytical Science & Technology (2012) 3 (1), 1-41 
 
 
 
 
about 6 % of the total magnetization only. The fit (solid 
curve) was made with the Ansatz 
( ) { }
α τ fc w fc t M M − − ∝ exp 1 120 , with the field-cooled 
parameters  = fc τ  4.85 min and  = α  0.403. The TRM 
dependences on the decay time t  and the waiting time 
w t  are, therefore, consistently reproduced by the Eq. 
(2). Both results—the increase of the TRM amplitude 
and the slower TRM time-decay for longer  w t —are 
consistent with the aging scenario for a broken-
ergodicity spin system. However, as discussed above, 
no fundamental difference between a SG and a 
superparamagnet below  B T  is expected from this point 
of view.  
 
Table 1.  Zero-field TRM time-decay fit parameters—the 
attempt time  0 τ  and the stretched-exponent  β —as a 
function of the waiting time  w t  for the Tb-Mg-Zn at 4.2 K 
and  fc H = 125 Oe [18].  
tw  0 τ   β  
1 min  1.1×10
-5 min  0.077 
10 min  1.5×10
-6 min  0.050 
1 h  7.9×10
-7 min  0.045 
5 h  4×10
-8 min  0.037 
 
The existence of the TRM was searched also at 
temperatures slightly above  f T . In Fig. 4b we show the 
TRM time-decays obtained for  w t = 10 min and  fc H = 
60 Oe at two temperatures: 7.0 K > Tf and 4.8 K < Tf. 
The important result is that no measurable TRM could 
be detected at 7.0 K = 1.2Tf , thus just slightly above Tf. 
This demonstrates the absence (within the accuracy of 
our detection) of spin clusters with broken ergodicity at 
1.2Tf and above, in contrast to many other SG systems, 
where ergodicity-breaking precursors may be observed 
already at temperatures considerably higher than Tf 
(such as e.g. 2Tf). Spin freezing thus happens rather 
dramatically in a narrow temperature interval very close 
to Tf.  
In the second series of experiments ( fc H –
dependence of the TRM), the cooling field was varied 
between 125 Oe and zero [18]. Three sets of the 
( ) fc TRM H M  experiments were performed under 
different experimental conditions: (i)  1 T = 4.8 K,  w t = 
10  min, time-decays recorded up to 110 min  (the 
associated TRM amplitude after 110 min is denoted as 
110 M ) ; (ii)  2 T = 4.2 K,  w t = 1 h, time-decays up to 120 
min ( 120 M )  and  (iii)   3 T = 4.0 K,   w t =  30 min,  time-  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. (a) TRM time-decays normalized to  fc M in Tb-Mg-
Zn for a set of  fc H s at 4.8 and 4.0 K [18]. (b) TRM 
amplitudes at the longest measured decay time ( fc M M110 at 
4.8 K,  fc M M120 at 4.2 K and  fc M M140 at 4.0 K) as a 
function of  fc H . The corresponding waiting times and  fc H  
values are indicated on the graph. The horizontal lines 
represent the  . const M M fc TRM =  fits, demonstrating field-
independence of this ratio. The 4.8 and 4.0 K curves were 
measured in a superconducting magnet, whereas the 4.2 K 
curve was obtained in a solenoid electromagnet. Typical 
canonical spin glass data of Cu-Mn(6 %) (T1 = 27 K = 0.86Tf , 
w t =30 min,  fc M M10 ), reproduced from Chu et al. [34], are 
displayed for comparison. 
 
decays up to 140 min ( 140 M ). The TRM time-decays at 
4.8 and 4.0 K,  normalized to the field-cooled 
magnetization, are  displayed in Fig. 5a. The decay 
curves form separate groups, each group containing 
curves of the same  w t  and the measuring temperature 
m T , but different  fc H s. The important result is that, 
within each group, the curves coincide within the 
experimental error and do not exhibit any  fc H –
dependence. The  fc H –independence of the normalized 
TRM is nicely demonstrated in Fig. 5b, where the TRM 
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amplitudes at the end of the decay time (i.e.  fc M M110 , 
fc M M120 and  fc M M140 ) are displayed as a function 
of  fc H . All three normalized TRM amplitudes are 
horizontal constant lines that do not depend on  fc H . As 
the field-cooled magnetization is by itself linearly 
proportional to the field,  fc fc H M ∝ , this implies that 
the TRM also exhibits the same linear field-dependence, 
fc TRM H M ∝ , in order that their ratio  fc TRM M M is 
fc H –independent. There thus exists a linear 
(paramagnetic) relation  fc TRM H M ∝ , which is 
consistent with Eq. (2) (recall that  fc TRM H M ∝
0 ). This 
relation is characteristic for superparamagnets and is 
not compatible with the dynamics of a SG system in an 
ultrametrically organized free energy landscape. There, 
the  fc TRM M M curve should be a decaying function 
with increasing  fc H . In Fig. 5b we display, for 
comparison, a typical spin glass  fc fc TRM H vs M M .
curve. The SG data were taken from the earlier work of 
Chu et al. [34] on the canonical spin glass Cu-Mn(6 %) 
with Tf = 31.5 K. This TRM experiment, reproduced in 
Fig. 5b, was performed at T1 = 27 K = 0.86Tf  for  w t = 
30 min and the maximum measuring decay time was 10 
min  (so that  fc M M10 is displayed). The decrease of 
the  fc M M10 with increasing  fc H  is nicely observed 
and the authors [34] give a thorough explanation
 of this 
fc H –dependence in terms of the ultra-slow spin 
dynamics in an ultrametric free energy. Regarding the 
TRM field-dependence, there exists thus an essential 
difference between the canonical SGs and the 
icosahedral Tb-Mg-Zn. 
Identical TRM experiments were conducted also on 
the Tb-Mg-Cd sample [18]. This sample exhibits the 
zfc-fc magnetization splitting at  1 f T = 12.5 K (Fig. 1a), 
whereas the second anomaly (below which the fc 
magnetization becomes T-independent) occurs at  2 f T = 
5.6 K. The sample was field-cooled from 30 K through 
the freezing temperature  1 f T to a variety of measuring 
temperatures: 12.0 K = 0.96 1 f T , 10.0 K = 0.80 1 f T , 8.0 
K = 0.64 1 f T and 4.0 K = 0.32 1 f T = 0.71 2 f T , where the 
last temperature is also lower than  2 f T .  The possible 
existence of the TRM above  1 f T was first checked by 
recording time-decays for  w t = 10 min and  fc H = 60 
Oe at 18 K >  1 f T and 12 K <  1 f T  (inset in Fig. 6a). It is 
seen that no TRM could be detected at 18 K = 1.4 1 f T , 
similarly to the Tb-Mg-Zn case. In measuring the  fc H –
dependence of the TRM, four sets of experiments were 
conducted under the following experimental conditions: 
(i)  1 T = 12.0 K,  w t = 10 min, time-decays recorded up 
to 110 min  ( 110 M ); (ii)  2 T = 10.0 K,  w t = 10 min 
( 110 M ); (iii)  3 T = 8.0 K,  w t = 30 min ( 140 M ) and (iv) 
4 T = 4.0 K,  w t = 30 min ( 140 M ). In Fig. 6a the  fc M -
normalized TRM time-decays at 8.0 and 4.0 K for a set 
of  fc H s are displayed, whereas in Fig. 6b the TRM 
amplitudes at the longest recorded decay time (i.e. 
fc M M110  and  fc M M140 ) are shown. The results are 
qualitatively identical to those from Fig. 5 of the Tb-
Mg-Zn, showing  fc H –independent  fc TRM M M . 
Therefore, also in the Tb-Mg-Cd, the TRM exhibits a 
linear (paramagnetic) relation  fc TRM H M ∝ , consistent 
with the superparamagnetic nature of spin freezing. 
This result was found for all four measuring 
temperatures Tm, thus not only for 
1 2 f m f T T T < < , but 
also for the lowest one (4.0 K), which is below  2 f T  
(where the fc magnetization is T–independent). Hence, 
the linear  fc H –dependences of the TRM in the Tb-Mg-
Zn and the Tb-Mg-Cd are fully consistent. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. (a) The  fc M -normalized TRM time-decays in the Tb-
Mg-Cd at 8.0 and 4.0 K for a set of  fc H s (values are 
indicated on the graph) [18].  The inset shows the TRM time-
decays for  w t = 10 min and  fc H = 60 Oe at 18 K > 
1 f T and 
12 K < 
1 f T with no measurable TRM at 18 K.  (b) TRM 
amplitudes at the longest recorded decay time ( fc M M110  
and  fc M M140 ) as a function of  fc H . The horizontal lines 
represent the  . const M M fc TRM =  fits. 
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2.4. The nature of the spin-frozen state in i-Tb-Mg-
Zn and i-Tb-Mg-Cd 
The above experiments demonstrate the existence of 
a superparamagnetic relation between the TRM and the 
field,  fc TRM TRM H M χ = .  This points towards the 
conclusion that i-Tb-Mg-Zn(Cd) QCs should be viewed 
as a system of superparamagnetic (noninteracting) 
clusters. However, based on the Tb-Mg-Zn(Cd) 
structures, it seems unlikely that such clusters would be 
totally noninteracting. It is more likely that weak 
coupling between the clusters is present, so that the 
magnetization consists of two components, a 
superparamagnetic–  and a SG one. This is also the 
situation commonly found in other geometrically 
frustrated systems, the kagomé  and the pyrochlore 
AFMs. Weak coupling between the moments in the i-
Tb-Mg-Zn was also suggested in another magnetic 
study [48], where the authors conclude that "magnetic 
ordering in these quasicrystalline alloys is not very 
robust". Therefore, in the absence of strong coupling 
between the moments, the anisotropy energy could play 
an important role in the broken-ergodicity dynamics. 
One kind of anisotropy that is always present is due to 
the dipolar interaction between the moments. A more 
important one seems to be the anisotropy caused by the 
crystalline electric fields (CEF). It was shown [30], by 
comparing the (Y1-xTbx)-Mg-Zn and (Y1-xGdx)-Mg-Zn 
series, that the freezing temperatures  f T  of the 
gadolinium compounds are systematically lower by a 
factor of about two (e.g. for x = 0.50,  f T  of  the Tb 
compound amounts 3.4 K, whereas it is 2.2 K for the 
Gd compound). This difference in  f T may be explained 
by the CEF, which do not affect the Gd
3+ ions due to 
their zero orbital angular momentum (L = 0), whereas 
they influence other RE atoms (L ≠ 0). This implies that 
both the aperiodicity of the RE–RE distances and the 
local CEF anisotropy contribute (almost equally) to the 
value of  f T . Additional evidence for significant CEF 
effects in the Tb-Mg-Zn was given also by the muon 
spin-rotation experiment [49]. In the Tb-Mg-Cd, on the 
other hand, CEF anisotropy seems to be much smaller, 
as there is no significant difference between the 
freezing temperatures of the Tb-Mg-Cd (
1 f T = 12.5 K) 
and the Gd-Mg-Cd 
1 f T = 13.0 K [33]. Here, however, it 
should be kept in mind that CEF provide single-ion 
anisotropies and not directly the cluster anisotropies. In 
addition, since the point symmetry of the RE sites is not 
clear, we do not know the nature of the anisotropy (e.g. 
whether the sites are Ising, X-Y or some more 
complex). 
In conclusion, the icosahedral i-RE-Mg-Zn(Cd) QCs 
belong to the class of geometrically frustrated magnetic 
systems. Earlier observations of typical broken-
ergodicity phenomena suggested that these systems 
could be on common grounds with the canonical (site-
disordered) SGs. However, broken-ergodicity 
phenomena are characteristic also for superparamagnets 
below the blocking temperature and are not a 
conclusive evidence for a spin glass state. Strong 
superparamagnetic magnetization components with 
broken ergodicity properties (including the not-well-
understood  3 χ  anomaly) were observed also in pure 
(site-ordered) systems, the geometrically frustrated 
AFMs, where spin correlations develop within rather 
small magnetic clusters. The i-RE-Mg-Zn(Cd) QCs 
share properties with other geometrically frustrated spin 
systems by exhibiting similar spin clustering and 
broken-ergodicity features. The key feature that 
discriminates a spin glass from a superparamagnet 
below  B T  is the free energy landscape in the phase 
space. The TRM experiments on the i-Tb-Mg-Zn(Cd) 
are incompatible with an ultrametrically organized SG 
free energy, but compatible with a superparamagnetic 
free energy. Therefore, the i-RE-Mg-Zn(Cd) QCs 
should not be considered as spin glasses in the 
canonical (site-disordered) sense. Our main 
experimental result, the linear (paramagnetic) relation 
between the TRM and the  fc H in low fields, suggests a 
simple superparamagnet, but, based on the Tb-Mg-
Zn(Cd) structure, it seems unlikely that cluster units 
would be totally noninteracting. A weak coupling of 
clusters cannot be excluded, so that it seems more 
appropriate to classify the i-RE-Mg-Zn(Cd) QCs 
somewhere between canonical spin glasses and 
superparamagnets, having features associated with each. 
As stated before, this duality is not a specific feature of 
quasiperiodicity, but found quite commonly in 
geometrically frustrated magnetic systems without 
quenched disorder. 
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3. Broken ergodicity, memory effect, and 
rejuvenation in the Al3(Mn,Pd,Fe) Taylor-
phase complex intermetallics and 
decagonal quasicrystal  
 
The Taylor-phase complex intermetallic compound 
T-Al3Mn, its solid solutions with Pd and Fe, T-
Al3(Mn,Pd) and T-Al3(Mn,Fe), and the related 
decagonal quasicrystal d-Al-Mn-Fe belong to the class 
of magnetically frustrated spin systems that exhibit rich 
out-of-equilibrium spin dynamics in the nonergodic 
phase below the spin–freezing temperature Tf  [21]. By 
presenting large variety of magnetic experiments as a 
function of temperature, magnetic field, aging time  w t  
and different thermal histories, we show broken-
ergodicity phenomena of (i) a difference in the field-
cooled and zero-field-cooled magnetic susceptibilities, 
(ii) the frequency-dependent freezing temperature, 
( ) ν f T , (iii) hysteresis and remanence, (iv) ultraslow 
decay of the thermoremanent magnetization, (v)  the 
memory effect (a state of the spin system reached upon 
isothermal aging can be retrieved after a negative 
temperature cycle) and (vi) "rejuvenation" (small 
positive temperature cycle within the nonergodic phase 
erases the effect of previous aging). We show that the 
phenomena involving isothermal aging periods (the 
memory effect, rejuvenation and the ultraslow decay of 
the thermoremanent magnetization) get simple 
explanation by considering that during aging under 
steady external conditions, localized spin regions quasi-
equilibrate into more stable configurations, so that 
higher thermal energy is needed to destroy these 
regions by spin flipping, as compared to the thermal 
energy required to reverse a frustrated spin in a 
disordered spin-glass configuration that forms in the 
case of no aging.  Common to all the investigated 
broken-ergodicity phenomena is the slow approach of a 
magnetically frustrated spin system towards a global 
equilibrium, which can never be reached on accessible 
experimental time scales due to macroscopic 
equilibration times.  
 
3.1. Samples selection 
Polygrain ingot samples were produced from 
constituent elements by levitation induction melting in 
a water-cooled copper crucible under argon atmosphere. 
Parts of the samples were annealed in argon at 900 and 
930 
oC for up to 698 h and subsequently quenched into 
water. Metallurgical investigations were performed by 
scanning electron microscopy (SEM). Phase 
compositions were determined by energy-dispersive X-
ray analysis (EDX), and, for selected samples, 
additionally by inductively-coupled plasma optical 
emission spectroscopy. The latter analyses were used 
for the determination of the oxygen and carbon content 
in the samples and for the calibration of the EDX 
measurements. In addition, the samples were studied by 
selected-area electron diffraction (SAED) in a JEOL 
4000FX transmission electron microscope operated at 
400 kV. Powder X-ray diffraction (PXRD) was carried 
out on a STOE diffractometer used in transmission 
mode. Mo Kα1  radiation and a position-sensitive 
detector were used. All annealed samples were single-
phase. Further details on the preparation, 
characterization and structural quality of the samples 
can be found elsewhere [50]. 
Our study included seven samples, where for all 
samples the Al concentration was kept constant at 73 
at. %. The first sample was a binary T-Al3Mn of 
composition Al73Mn27  (abbreviated as T-AM in the 
following). In the T-Al3(Mn,Pd) series of three samples, 
a fraction of the magnetic Mn atoms were substituted 
by nonmagnetic Pd. The compositions (rounded to the 
closest integer values) of the investigated samples were 
Al73Mn25Pd2  (T-AMP2), Al73Mn23Pd4  (T-AMP4) and 
Al73Mn21Pd6  (T-AMP6). In the Al3(Mn,Fe) series, 
magnetic Mn atoms were partially substituted by Fe, 
another magnetic atom. Two samples of compositions 
Al73Mn25Fe2  (T-AMF2) and Al73Mn23Fe4  (T-AMF4) 
were  T-phase, whereas the third sample was a 
decagonal QC with composition Al73Mn21Fe6  (d-
AMF6). All T-phase samples are structurally 
isomorphic and are considered to be approximants to 
the decagonal phase. The structure of the binary T-
Al3Mn was first solved by Hiraga et al. [51], whereas 
the model of T-Al3(Mn,Pd) with composition 
Al72.3Mn24.5Pd3.2  was reported by Klein et al. [52]. 
Within the Klein model [52], the T-Al3(Mn,Pd) phase is 
described as an independent ternary phase structurally 
similar to binary T-Al3Mn, whereas Balanetskyy et al. 
[50]
 have reported that this phase is not an independent 
ternary phase, but a ternary solid solution of Pd in the 
binary T-Al3Mn. The structure of the Taylor phase is 
built of two atomic layers stacked along the b 14  Journal of Analytical Science & Technology (2012) 3 (1), 1-41 
 
 
 
 
crystallographic axis, a flat layer F and a puckered layer 
composed of two sublayers P1 and P2. The 
orthorhombic unit cell (space group Pnma) contains 
156 atoms and many of the sites show either fractional 
occupation (the sites are too close in space to be 
occupied simultaneously) or mixed Mn/Al occupancy, 
so that there exists chemical disorder on the lattice. 
Majority of the atoms are clustered in the form of 
pentagonal prisms and antiprisms. 
 
3.2. Magnetic characterization 
 
a) zfc and fc magnetic susceptibilities 
In the first set of measurements, the zfc and fc 
susceptibilities  H M = χ  were determined in the 
temperature range 2 – 50 K in magnetic fields H = 8, 50, 
100, 1k, 10k and 50k Oe [21]. The freezing temperature 
Tf was determined from the H = 8 Oe measurements 
(Fig. 7) as the temperature where the zfc–fc splitting 
occurred (this coincided well with the temperature 
where  zfc χ exhibited a cusp). The results are collected 
in Table 2, where it is seen that in the T-Al3(Mn,Pd) 
series, Tf decreases monotonously with the decreasing 
Mn concentration (from Tf = 24.7 K in T-AMP2 to Tf = 
16.2 K in T-AMP6), whereas it stays constant at Tf = 
22.8 ± 0.5 K for the Al3(Mn,Fe) series. At Tf , all  zfc χ s 
exhibit a pronounced cusp, whereas  fc χ s are slightly 
peaked, indicating critical slowing-down of the spin 
fluctuations in the vicinity of Tf.  For  the  d-AMF6 
sample, another anomaly is observed at T ≈ 9 K in both 
zfc χ  and  fc χ . The nature of this anomaly is not clear, 
but the real part of the ac susceptibility (to be presented 
later) shows that it is frequency-dependent, so that it 
can be associated with another freezing temperature 
2 f T . According to this picture, most spins or clusters in 
d-AMF6 become nonergodic at the first freezing 
temperature  Tf, whereas some undergo the ergodic-
nonergodic transition at a lower temperature  2 f T .  
The H-dependence of the zfc–fc susceptibilities (the 
data for the binary T-AM, representative of all samples, 
are presented in Fig. 8a) reveals the relative strengths of 
the spin-spin exchange interactions (responsible for 
magnetic ordering in the absence of an external 
magnetic field) and the Zeeman interaction of spins 
with the magnetic field. We observe that for increasing 
H, the cusp in  zfc χ  is rounded and the zfc–fc splitting is 
shifted to lower temperatures, until at H = 50 kOe it 
almost vanishes (but remains nonzero even at this field, 
as evident from the inset in Fig. 8a). This shows that 
the internal magnetic structure is "soft" and fragile with 
respect to the external magnetic field already at the 
strength of the order of 10 Oe. 
Here we also mention that in another work [53] on a 
T-phase sample of composition similar to ours, T-
Al73.1Mn21.7Pd5.2, a similar, though somewhat lower 
freezing temperature Tf = 14 K was reported, whereas 
diamagnetism was reported for the Mn-poor  T-phase 
sample T-Al78.5Mn16.6Pd4.9. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Field-cooled (fc) and zero-field-cooled (zfc) magnetic susceptibilities  H M = χ of (a) T-AM and T-AMF samples and (b) 
T-AMP samples in the temperature range 2 – 50 K and magnetic field H = 8 Oe [21]. To avoid overlap of the curves, the T-
AMF2 curve in the panel (a) and the T-AMP2 curve in the panel (b) (the two red-colored curves) where shifted down by –0.1 
emu/mol on the vertical axis. 
  Dolinšek and Jagličić  15 
 
 
 
 
Table 2. The freezing temperature Tf, the Curie constant C, the Curie-Weiss temperature θ, the average magnetic moment per 
magnetic atom  eff µ and the relative change of  f T per decade ν  for the investigated Taylor-phase and decagonal QC samples 
[21]. 
sample  abbreviation  Tf 
(K) 
C 
(emuK/mol) 
θ 
(K) 
eff µ  
( B µ )  ( ) ν log ∆
∆
f
f
T
T
 
T-Al73Mn27  T-AM  22.0  25.9  –11  2.8  0.010 
T-Al73Mn25Pd2  T-AMP2  24.7  22.0  –32  2.7  0.010 
T-Al73Mn23Pd4  T-AMP4  21.1  20.2  –10  2.7  0.011 
T-Al73Mn21Pd6  T-AMP6  16.2  18.1  –23  2.6  0.011 
T-Al73Mn25Fe2  T-AMF2  22.9  22.2  –33  2.6  0.010 
T-Al73Mn23Fe4  T-AMF4  23.3  22.6  –37  2.7  0.010 
d-Al73Mn21Fe6  d-AMF6  22.3  22.6  –23  2.6  0.010 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. (a) Magnetic-field dependence of the zfc and fc susceptibilities in the range 0  < < H  50 kOe for the T-AM sample [21]. To 
avoid overlap of the curves, the 50 Oe–curve (red-colored) was shifted upwards by 0.05 emu/mol. The inset shows the zfc–fc 
splitting of the 50–kOe curve on an expanded scale. (b)  ( ) H M  hysteresis curves for this sample at different temperatures below 
and above Tf = 22.0 K (a "molecule" denotes one Al73Mn27 unit). (c) Expanded portions of the  ( ) H M curves from panel (b) in 
the vicinity of H = 0. The hysteresis of the 15 K–curve (green-colored) is different from zero, but so small that it is not noticeable 
on the graph. 
 
b) Hysteresis 
The  ( ) H M  curves of the T-AM sample 
(representative of all seven samples) for the field sweep 
± 50 kOe at several temperatures below and above Tf = 
22 K are shown in Fig. 8b,c [21]. Hysteresis is 
observed below Tf  at the investigated temperatures 2, 5 
and 15 K, and the remanence increases at lower 
temperatures. This is compatible with the magnetic 
cluster-  and/or domain structure  of the nonergodic 
phase. No hysteresis is observed above Tf, not even at 
25 K that is only slightly above Tf.  
 
c) Paramagnetic susceptibility 
The analysis of the susceptibility  ( ) T χ  in the 
paramagnetic (ergodic) regime above Tf was performed 
assuming validity of the Curie-Weiss law, 
( ) θ χ − = T C , which gives information on the type and 
magnitude of magnetic moments through the Curie-
Weiss constant C, and the type of coupling between the 
spins through the magnitude and sign of the Curie-
Weiss temperature θ .  ( ) T χ measurements were 
conducted between 2 and 300 K in H = 1 kOe and the 
paramagnetic parameters were extracted from the high-
temperature data above 50 K [21]. In Fig. 9, 
1 − χ vs. 
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temperature for three representative samples (T-AM, T-
AMP2 and d-AMF6) are displayed. The results are 
collected in Table 2, where it is observed that C of the 
Al3(Mn,Pd) series is decreasing with decreasing Mn 
concentration, whereas it stays constant for the 
Al3(Mn,Fe) series. The Curie-Weiss temperatures of all 
samples are negative, in the range –37 K <θ < –10 K 
(the values depend somewhat on the analyzed data 
temperature range), suggesting an AFM-type coupling 
between the spins. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Magnetic susceptibility ( ) T χ measurements between 2 
and 300 K in H = 1 kOe for three representative samples (T-
AM, T-AMP2 and d-AMF6) in a  1 − χ vs. T plot [21]. Solid 
lines are Curie-Weiss fits  ( ) C T θ χ − = −1  above 50 K (the 
temperature-independent term  0 χ  due to Larmor and 
Landau diamagnetisms and Pauli paramagnetism is much 
smaller than the Curie-Weiss term and was neglected in the 
analysis). 
 
The decrease of Tf and C upon replacing magnetic 
Mn by nonmagnetic Pd in the Al3(Mn,Pd) series is 
consistent with the fact that this substitution results in a 
dilution of magnetic moments. Similarly, the constancy 
of these two parameters in the Al3(Mn,Fe) series can be 
attributed to a constant number of moments upon 
replacing magnetic Mn by Fe, another magnetic atom. 
Mn and Fe in their most common ionization states (Fe
2+, 
Fe
3+, Mn
2+, Mn
3+  and Mn
4+) all carry quite similar 
magnetic moments between 4.0 and 5.9 Bohr 
magnetons  B µ , so that the Mn→Fe substitution does 
not change significantly the electronic magnetization of 
the system. The monotonous decrease of Tf and C with 
decreasing Mn concentration in the  Mn→Pd 
substitution and the constancy of these two parameters 
in the Mn→Fe substitution suggest that majority 
(perhaps all) of the Mn and Fe atoms carry magnetic 
moments.  
Curie constants from Table 2 were used to calculate 
the mean effective magnetic moment  B eff eff p µ µ =  per 
magnetic ion (Mn or Mn+Fe) in the samples. Here  eff p
is the mean effective Bohr magneton number that can 
be calculated from the Curie constant using the formula 
[54]  C peff 83 . 2 = . All samples show very similar 
average magnetic moments per magnetic ion  eff µ = (2.7 
± 0.1) B µ   (Table 2) that are significantly reduced (by a 
factor about 2) with respect to the values expected for 
the bare Mn and Fe ions. This indicates that magnetic 
moments are partially screened by the conduction-
electron cloud in a conducting environment. 
 
d) ac susceptibility 
The ac susceptibility was measured in an ac magnetic 
field of amplitude H0 = 6.5 Oe at frequencies ν  = 1, 10, 
100 and 1000 Hz [21]. The real part of the 
susceptibility  χ′ is displayed in Figs. 10a-c for three 
representative samples T-AM, T-AMP4 and d-AMF6. 
As expected for nonergodic spin systems, the position 
of the cusp in χ′ is frequency-dependent, shifting to 
lower temperatures at  lower frequencies. For the d-
AMF6 sample, the additional anomaly at 9 K is clearly 
evident, also showing frequency-dependent shift 
towards lower temperature for lower frequencies (inset 
in Fig. 10c). As already discussed, this anomaly is very 
likely a second freezing temperature  2 f T . 
Considering the cusp in χ′ to occur at the freezing 
temperature,  ( ) ν f T  relation was determined for all 
samples by finding the maximum in the 2
nd-order 
polynomial fit through the highest five data points of 
the  ( ) ν χ′  curves.  ( ) ν f T  normalized to the  ( ) Hz Tf 1  
value for the T-AMP4 sample is displayed as an inset in 
Fig. 10b, where a logarithmic dependence (base 10) of 
f T on frequency is evident. The frequency shift of  f T  
is often quantitatively evaluated by the empirical 
criterion ( ) ν log ∆ ∆ f f T T , i.e., by calculating the 
relative change of  f T per decade ν . The results are 
given in Table 2, showing that all seven samples show 
practically the same value 0.01, which is in the range 
found for metallic SGs [55] like Au-Fe and Pd-Mn. The 
change of  f T in the investigated frequency range is thus 
very small, amounting 1 % per decade ν . The 
frequency shift of  2 f T in the d-AMF6 sample (inset in 
Fig. 10c) is almost the same,   ( ) ν log 2 2 ∆ ∆ f f T T =0.014. 
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Fig. 10. Real part  χ′ of the ac susceptibility measured in an ac magnetic field H0 = 6.5 Oe at frequencies ν  = 1, 10, 100 and 1000 
Hz for three representative samples (a) T-AM, (b) T-AMP4 and (c) d-AMF6 [21]. The inset in (b) shows  ( ) ν f T  normalized to 
( ) Hz Tf 1 = ν .  In (c), additional anomaly at 9 K is evident, which is very likely a second freezing temperature  2 f T . The 
frequency-dependence of this anomaly,  ( ) ( ) Hz T T f f 1 2 2 ν , is shown in the inset in (c).  2 f T was determined from the minimum in 
the second derivative  2 2 dT d χ′ . 
 
3.3. Thermoremanent magnetization 
The TRM decay experiments were performed as a 
function of the aging temperature  1 T , the aging time  w t  
and the field Hfc in which the aging was performed [21]. 
In the following, these dependencies are elaborated in 
detail. 
 
a) TRM versus aging temperature T1 
In the first set of experiments (TRM versus T1), the 
samples were cooled in the field Hfc = 100 Oe from the 
starting temperature 100 K to different measuring 
temperatures  T1  = 5, 15 and 25 K, where the last 
temperature was already above Tf [21]. At T1, aging for 
tw = 5000 sec was employed and the TRM decay was 
monitored for a time t ≈ 240 min after the Hfc switch-
off. The decay curves normalized to the magnetization 
prior to cutting the field to zero,  ( ) ( ) 1 1, T M t T M fc TRM  
are displayed in Fig. 11 for two representative samples 
T-AMP2 (Tf = 24.7 K) and T-AMF4 (Tf = 23.3 K). The 
following observations are evident: (1) the magnitude 
of the TRM is larger at lower temperature, as a 
consequence of the increased remanence upon cooling 
in the nonergodic phase; (2) no TRM was detected at 
25 K, which is only slightly above Tf, demonstrating 
that there is no "smearing" of the ergodic-nonergodic 
transition into the paramagnetic phase and (3) the TRM 
decays are logarithmically slow in time t. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11.  Normalized TRM time decays,  fc TRM M M , as a 
function of the aging temperature T1 for two representative 
samples (a) T-AMP2 (Tf = 24.7 K) and (b) T-AMF4 (Tf = 23.3 
K) [21]. Cooling and aging were performed in Hfc = 100 Oe 
and the aging time tw  = 5000 sec was employed. 
Measurements were performed at T1 = 5, 15 and 25 K. Since 
no TRM was detected at 25 K, the data are not shown. 
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b) TRM versus aging time tw 
In the second set of experiments, TRM decays were 
measured as a function of the aging time  w t  [21]. The 
samples were field-cooled as before to T1 = 19 K in Hfc 
= 8 Oe and were left to age in this field for  w t = 0, 10, 
20, 30, 40, 50, 60, 90, 120, 240 and 600 min. After 
0 → fc H , the TRM time-decays were monitored up to 
t  = 200 min. The normalized decay curves 
( ) ( ) w fc w TRM t M t t M ,  for the samples T-AM (Tf = 22.0 
K) and d-AMF6 (Tf  = 22.3 K) are displayed in Fig. 
12a,b, showing that the TRM magnitude increases for 
increasing  w t . In addition, the shape of the TRM 
decays is also changing with  w t , where for longer  w t , 
the decays slow-down  and the remanence increases. 
This is evident from the inset in Fig. 12a, where the 
values of the TRM for the T-AM sample taken at 
different decay times (t = 3, 10 and 120 min) are plotted 
as a function of  w t . The curve at t = 120 min clearly 
grows slower as a function of  w t  than the curves at t = 
3 and 10 min. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12. Normalized TRM time decays,  fc TRM M M , as a function of the aging time  w t  for two representative samples (a) T-AM 
(Tf = 22.0 K) and (b) d-AMF6 (Tf = 22.3 K) [21]. The samples were field-cooled to T1 = 19 K in Hfc = 8 Oe, where aging was 
performed for  w t = 0, 10, 20, 30, 40, 50, 60, 90, 120, 240 and 600 min. For clarity, not all  w t –curves are shown on the graphs. For 
longer  w t s, the decays slow-down and the remanence increases, which is evident from the inset in (a), where the values of the 
TRM at different decay times (t = 3, 10 and 120 min) are plotted as a function of  w t . 
 
c) TRM versus cooling field Hfc 
In the third set of experiments, TRM time-decays 
were measured as a function of the cooling field Hfc in 
which the aging took place [21]. The samples were 
field-cooled to T1 = 19 K and left there to age for  w t  = 
30 min before cutting the field to zero. The following 
field values were employed:  Hfc = –8, –4, 2, 4, 8, 50, 
100 and 200 Oe.  The TRM decays normalized to  fc M  
are displayed in Fig. 13a,b for the T-AM and d-AMF6 
samples. We observe that the normalized TRM 
decreases quite strongly with increasing Hfc. The TRM 
amplitude  ( ) ( ) fc fc fc TRM H M t H M ,  as a function of 
fc H  for the d-AMF6 sample, taken at the decay time t 
= 120 min, is displayed as an inset in Fig. 13b, where a 
decrease by a factor 2 in the range 0 < fc H < 200 Oe  is 
evident. Such a decreasing behavior was also found in a 
canonical SG Cu-Mn with 5 at. % Mn [34], whereas the 
normalized TRM was found to be Hfc–independent in 
the geometrically frustrated icosahedral i-Tb-Mg-Zn 
and i-Tb-Mg-Cd QCs [18], which was attributed to a 
superparamagnetic–cluster structure of the  magnetic 
phase in these QC compounds. 
The above-presented behavior of the TRM on the 
aging temperature  1 T , the aging time  w t  and the aging 
field  Hfc  originate from the out-of-equilibrium 
dynamics of the spin system that approaches thermal 
equilibrium within two subsequent time intervals in one 
TRM–decay experiment. During the aging interval 
(waiting for a  w t  in a field  fc H ), the system 
approaches an equilibrium state with nonzero 
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magnetization  fc M  in a field  fc H . After the field is 
cut to zero, the new thermodynamic equilibrium 
becomes a state with zero magnetization in  0 = fc H  
and the spin system proceeds towards this state during 
the decay time interval t. Further discussion is deferred 
and will be performed together with the discussion of 
the memory effect and rejuvenation, to be presented 
next, using a unified physical picture. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13. Normalized TRM time decays,  fc TRM M M , as a function of the cooling field Hfc for two representative samples (a) T-
AM (Tf = 22.0 K) and (b) d-AMF6 (Tf = 22.3 K) [21]. The samples were field-cooled to T1 = 19 K and left to age in the fields Hfc =  
–8, –4, 2, 4, 8, 50, 100 and 200 Oe for  w t  = 30 min before cutting the field to zero. For clarity, not all Hfc–curves are shown on 
the graphs. A decreasing behavior of the normalized TRM (taken at a decay time t  = 120 min) with increasing Hfc  is 
demonstrated in the inset in (b). 
 
3.4. Memory effect and rejuvenation 
The most spectacular manifestation of the out-of-
equilibrium dynamics of a nonergodic magnetically 
frustrated spin system is the memory effect (ME), 
where a state of the spin system reached  at a given 
temperature upon isothermal aging for a time  w t  can be 
retrieved after a negative temperature cycle. In contrast, 
small positive temperature cycle erases previous aging, 
the phenomenon known as rejuvenation. In the ME 
experiment, the spin system is cooled continuously 
from the paraphase below the freezing temperature Tf in 
zero magnetic field and the cooling is stopped at 
f T T < 1 for a time  w t  of the order of minutes to hours. 
The cooling then resumes to the lowest temperature 
where a small magnetic field is applied and the zfc 
magnetization is measured in a continuous heating run. 
The memory is imprinted in  zfc M , which shows a dip 
at the temperature T1 of aging. Heating the system to a 
higher temperature  1 2 T T > , while remaining within the 
nonergodic phase ( f T T < 2 ), rejuvenates the system, i.e. 
the zfc magnetization measured in a subsequent zfc 
experiment starting from T2 with no aging at T1 is again 
that of the "young" (unaged) system. The microscopic 
nature of this "thermally–induced magnetic inscription" 
that is created in the absence of any external magnetic 
field (note that a low magnetic field is only used for the 
memory read-out upon measuring  zfc M  in a heating 
run) is currently incompletely understood. 
The ME has been so far studied in magnetically 
frustrated systems like the conducting Cu-Mn canonical 
SG [4], insulating Heisenberg-like SG CdCr1.7In0.3S4 
[56], Ising-like SG Fe0.5Mn0.5TiO3 [57], interacting Fe–
C nanoparticle system [58] and zinc-ferrite 
nanoparticles [59]. The ME is, however, not restricted 
to magnetically frustrated systems. It was observed also 
in the dielectric permittivity of electrically frustrated 
orientational glasses methanol(73%)-β-hydroquinone-
clathrate [60]
 and K0.989Li0.011TaO3 [61,62],
 as well as in 
disordered ferroelectrics KTa0.973Nb0.027O3  [63] and 
Pb(Mg1/3Nb2/3)O3 [64], but in dielectrics the effect is 
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less pronounced than in magnetically frustrated systems. 
Here we present  the ME in the investigated T-phase 
family of intermetallics and the decagonal QC [21]. We 
elaborate the ME in detail by performing a variety of 
experiments on three representative samples, the binary 
T-AM and the ternary T-AMP4 and d-AMF6. 
 
a) ME for a one-temperature stop 
In the first set of ME experiments, the samples were 
zero-field-cooled continuously from the starting 
temperature 100 K through Tf into the nonergodic phase 
with a cooling rate of 2 K/min [21]. At the "stop" 
temperature  T1  = 12 K, the cooling was temporarily 
stopped and the spin system was let to age isothermally 
for times  w t = 10 min, 1 h and 4 h and then the cooling 
resumed to 2 K. A reference run with no stop ( w t = 0) 
at T1 was also performed. At the lowest temperature, a 
small magnetic field  zfc H  = 2 Oe was applied (this 
field value was then used in all further ME experiments) 
and  zfc M was measured in a subsequent heating run to a 
temperature above Tf. 
Fig. 14a shows the  zfc M s for the T-AM sample, 
where the ME in the vicinity of T1 = 12 K is manifested 
as a drop of  zfc M  of the aged curves with respect to the 
reference (unaged) curve  ( ) 0 = w zfc t M . Fig. 14b shows 
an expanded portion of the curves in the vicinity of T1, 
where it is observed that the ME is stronger (the drop of 
zfc M is larger) for longer aging times. In Fig. 14c, the 
normalized difference between the reference curve and 
the curves with aging  at  T1, 
( ) ( ) ( ) ( ) 0 0 = − = = ∆ w zfc w zfc w zfc t M t M t M M , is 
displayed, where it is seen that the difference for the 
longest  w t = 4 h amounts  M ∆ = 5 %. It is interesting to 
notice that  M ∆ resembles a resonant curve, being 
peaked at the aging temperature T1 = 12 K and smeared 
over a finite temperature interval between 9 and 14 K.  
Therefore, the investigated T-AM spin system 
remembers the temperature, where the cooling was 
temporary stopped and also "knows" for how long it 
was stopped. It is remarkable that the majority of the 
memory imprint at T1 happens already within the short 
initial aging interval of  w t = 10 min, whereas longer 
aging adds relatively little to the ME (note the small 
difference between the  w t = 1h and 4 h curves in Fig. 
14). 
The same ME experiments were repeated on the T-
AMP4 (Fig. 15) and d-AMF6 (Fig. 16) samples. The 
results are identical to those of the T-AM sample, all 
showing consistently the ME effect regardless of the 
differences in the samples' composition and/or structure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14. Memory effect (ME) in the T-AM sample. In (a),  zfc M s obtained for different aging intervals  w t = 0, 10 min, 1 h and 4 h 
at T1 = 12 K are shown [21]. Expanded portions of the curves in the vicinity of T1 are displayed in (b). ME is manifested as a 
drop of  zfc M  of the aged curves with respect to the reference (unaged) curve  ( ) 0 = w zfc t M  in the vicinity of the aging 
temperature  T1. In (c), the normalized difference between the reference curve and the curves with aging at T1, 
( ) ( ) ( ) ( ) 0 0 = − = = ∆ w zfc w zfc w zfc t M t M t M M , is shown. 
 
  Dolinšek and Jagličić  21 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 15. Memory effect in the T-AMP4 sample [21]. The captions to panels (a), (b) and (c) are identical to those in Fig. 14. The 
apparently larger  M ∆ peak value of the  w t = 1 h curve as compared to the 4 h curve in the panel (c) is fictitious and is a 
consequence of the large noise of the  zfc M  curves of this sample.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 16. Memory effect in the d-AMF6 sample [21]. The captions to panels (a), (b) and (c) are identical to those in Fig. 14. 
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b) One stop at different temperatures 
In order to find the dependence of the ME on the 
choice of the stop temperature T1 within the nonergodic 
phase, we performed a set of experiments just described 
on the binary T-AM sample (Tf = 22.0 K) [21], where 
the cooling always began at the starting temperature 
100 K and the sample was continuously cooled in zero 
field to different stop temperatures  1 T = 24, 22, 20, 18, 
16, 14, 12, 10, 8, 6, 4 and 2 K, where the first 
temperature is slightly above Tf and the second is at Tf. 
In each run, aging at T1  for a time  w t = 1 h was 
employed and a reference run ( w t = 0) was performed 
as well. The resulting  zfc M s are displayed in Fig. 17a, 
showing that the memory imprint is consistently 
observed at all temperatures below  Tf, whereas the 
effect is absent at and above Tf, indicating that the ME 
does not extend outside the nonergodic phase. The 
normalized magnetization difference  M ∆ for all stop 
temperatures is shown superimposed in Fig. 17b. On 
going below Tf, the amplitude of  M ∆ first increases for 
a decreasing stop temperature and exhibits a maximum 
at  T1  = 10 K. For  1 T < 10 K,  M ∆ decreases quite 
rapidly, but remains nonzero down to the lowest 
investigated stop temperature T1  = 2 K. This non-
monotonous behavior is clearly incompatible with the 
assumption of thermally activated motion (spin flipping) 
of one type of spins or clusters, which should freeze 
exponentially upon cooling. 
The approach of  M ∆ towards saturation for  ∞ → w t  
at different stop temperatures has been studied at T1 = 
18, 12 and 6 K, employing a set of eleven aging 
intervals  w t  between 4 min and 4 h.  M ∆ amplitude as 
a function of  w t  is shown in Fig. 17c. The result is 
surprising: (i) for all three temperatures, the approach 
towards the saturated value  ( ) ∞ → ∆ w t M  proceeds 
with very similar time constant and (ii) majority of the 
ME imprint happens within the initial  w t –interval of 
about 30 min, whereas  w t s longer than 1 h add very 
little to the effect. The dynamics of ME is thus 
astonishingly insensitive to the choice of T1 (or, better, 
to the difference  1 T Tf − ). Such behavior is in clear 
contrast to the thermally activated dynamics observed 
in canonical SGs [40,6], whereas similar insensitivity 
of the aging effects on temperature was observed in the 
geometrically frustrated kagomé  AFM 
(H3O)Fe3(SO4)2(OH)6 [11]. Currently there is no simple 
explanation for this incredible insensitivity of the ME 
on the temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 17. Memory effect in the T-AM sample (Tf = 22.0 K) at different stop temperatures  1 T = 24, 22, 20, 18, 16, 14, 12, 10, 8, 6, 4 
and 2 K, always employing the same aging interval  w t = 1 h [21]. In (a),  zfc M s for all stop temperatures are shown 
superimposed. Panel (b) shows the normalized magnetization difference  M ∆ between the unaged and aged  zfc M s for all stop 
temperatures.  In (c), the approach of  M ∆ towards a saturated value as a function of  w t  at the stop temperatures T1 = 18, 12 
and 6 K, is shown. Dashed curves are guides for the eye. 
  Dolinšek and Jagličić  23 
 
 
 
 
c) The effect of starting temperature and 
reproducibility 
 The possible influence of the starting temperature on 
the ME was investigated on the T-AM sample by 
performing a set of experiments employing aging for 
w t = 1 h at T1 = 12 K with the zfc cooling started at 100, 
50 and 30 K, respectively [21]. The resulting  zfc M s are 
shown in Fig. 18, where the curves corresponding to 
different starting temperatures are indistinguishable, 
showing that the choice of the starting temperature 
anywhere within the ergodic phase above Tf  has no 
influence on the ME. In order to check for the 
reproducibility of the measurements, the same set of 
experiments was repeated again just after the first set 
was completed. The curves of the second set are also 
shown in Fig. 18 and are indistinguishable from the 
first set. The ME is thus fully reproducible. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 18. The effect of starting temperature for the zfc cooling on the ME in the T-AM sample and reproducibility of the results 
[21].  zfc M s of a set of experiments employing aging for  w t = 1 h at T1 = 12 K with the zfc cooling started at 100, 50 and 30 K, 
respectively, are shown superimposed as solid (online colored) curves. A reference run (black solid curve) with no aging is also 
given. The same set of experiments was repeated again just after the first set was completed. The  zfc M  curves of the second set 
(shown by symbols only) are also superimposed in the figure. The curves of the second set are indistinguishable from the first set. 
 
d) Two stops in one zfc run 
In the next set of experiments (performed on the T-
AM sample) we have checked whether the spin system 
can memorize more than one stop (i.e. subsequent 
isothermal aging at more than one temperature) within 
the same zfc run [21]. The starting temperature was 100 
K and cooling was stopped twice, each time for  w t = 1 
h. The following pairs of stop temperatures were 
employed: 18 K + 12 K, 18 K + 10 K, 16 K + 8 K and 
12 K + 6 K. After the second stop, the cooling resumed 
to 2 K, where the magnetic field was applied and  zfc M  
was measured in a heating run. The results are 
displayed in Fig. 19a, where it is observed that both 
stops have been memorized by the spin system. 
Moreover, the memory imprint in  zfc M at a given stop 
temperature is independent of the rest of the thermal 
history in one zfc run. This is evident from Fig. 19b 
where  M ∆ is plotted as a function of temperature for 
all two-stop runs.  M ∆ for the stop temperature 12 K is 
the same in the two runs with stop temperatures 18 K + 
12 K and 12 K + 6 K. 
The independence of the ME on the thermal history 
in one zfc run is also demonstrated in Fig. 19c, where 
M ∆ s for the two-stop runs 18 K + 12 K and 12 K + 6 
K from Fig. 19b are plotted together with the  M ∆ s for 
one-stop runs 18 K, 12 K and 6 K from Fig. 17b (in all 
experiments the same  w t = 1 h was employed at any 
stop temperature). We again find consistently that  M ∆
at a given stop temperature is independent of the rest of 
the thermal history in one zfc run (provided that no 
positive temperature steps are involved, to be discussed 
next).  
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Fig. 19.  Two stops in one zfc run (experiments performed on the T-AM sample) [21]. In (a),  zfc M s of four experiments, 
employing pairs of stop temperatures 18 K + 12 K, 18 K + 10 K, 16 K + 8 K and 12 K + 6 K, are shown superimposed. At each 
stop temperature, aging for  w t = 1 h was employed. Panel (b) shows  M ∆  as a function of temperature for all two-stop runs. In 
(c),  M ∆ s for the two-stop runs 18 K + 12 K and 12 K + 6 K (symbols only) from panel (b) are plotted together with the  M ∆ s 
for one-stop runs 18 K, 12 K and 6 K (dashed curves) from Fig. 17b (in all experiments the same  w t = 1 h was employed at any 
stop temperature). The results show consistently that M ∆ at a given stop temperature is independent of the rest of the thermal 
history in one zfc run. 
 
e) Memory erase by a positive temperature cycle 
The following set of experiments, performed on the 
T-AM sample, demonstrates that the memory imprint in 
zfc M can be erased by a positive temperature cycle 
within  the nonergodic phase [21]. For clarity, the 
experiments are presented in triple-axis temperature–
time–magnetization diagrams. In all experiments, zero-
field-cooling started at 100 K. 
The first set of experiments consisted of three 
experiments (Fig. 20): (1) the no-stop reference run; (2) 
the one-stop run with aging for  w t  = 1 h at T1 = 12 K; 
(3) in the third experiment, the zfc run to 2 K was first 
performed with aging for  w t  = 1 h at T1 = 12 K. In the 
next step, the sample was continuously heated to 18 K 
(that is still below  f T =22.0 K), where the heating was 
reversed to cooling back to 2 K, all in zero field. There, 
the field was applied and  zfc M  was measured up to 30 
K. The  zfc M s of the three experiments are shown 
superimposed in the main panel of Fig. 20, where we 
observe that the positive temperature cycle to 18 K has 
erased the memory imprint. 
In order to check whether the small magnetic field 
applied during the positive temperature step to 18 K has 
any effect on the memory erase, we performed 
additional experiment similar to that with the positive 
temperature cycle just described (experiment (3)), but 
this time with the field switched on during heating to 18 
K (Fig. 21). We observe that the memory is erased as 
well, so that the small magnetic field during the 
positive temperature cycle has no effect on the memory 
erase. 
The memory erase by a small positive temperature 
cycle is also evident from the following additional 
experiment (Fig. 22). The sample was zero-field-cooled 
to 12 K, where aging for  w t  = 1 h was employed. The 
sample was then heated to 15 K (again in zero field) 
and then cooled continuously to 2K, where the field 
was applied and  zfc M  was measured. Comparison to 
the reference run shows that the memory imprint at 12 
K was completely erased also by this positive 
temperature cycle. 
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Fig. 20.  Memory erase by a positive temperature cycle within the nonergodic phase for the T-AM sample [21]. Three 
experiments are presented: (1) the no-stop reference run (the corresponding  zfc M  is labeled as the curve 1); (2) the simple one-
stop run with aging for  w t  = 1 h at T1 = 12 K (curve 2); (3) in the third experiment, the zfc run to 2 K was performed first with 
aging for  w t  = 1 h at T1 = 12 K. In the next step, the sample was continuously heated to 18 K (that is still below  f T =22.0 K), 
where the heating was reversed to cooling back to 2 K, all in zero field. At 2 K, the field was applied and  zfc M  (curve 3) was 
measured up to 30 K. The experiments are shown in triple-axis (temperature–time–magnetization) representation, where the 
black lines show the temperature–time profile and the colored curves are  zfc M s.  zfc M s of all three experiments are 
superimposed in the main panel, showing that the positive temperature cycle to 18 K has erased the memory. Small difference 
between the curves 1 and 3 in the vicinity of 18 K (indicated by an arrow) is due to the fact that some time was needed to reverse 
the direction of the temperature change after the positive temperature step, so that some aging took place at 18 K. 
 
f) Memorizing again after the memory erase by a 
positive temperature cycle 
The above experiments show that a positive 
temperature cycle within the nonergodic phase erases 
the memory. It is interesting to see whether aging at a 
given temperature just after the memory was erased can 
be memorized again by the spin system. For that 
purpose we have conducted the following experiments: 
(1) a one-stop run with  w t  = 1 h at T1 = 12 K; (2) an 
experiment employing first the zfc run to 2 K with 
aging for  w t  = 1 h at T1 = 12 K [21]. At 2 K, the field 
was applied and the measurement of  zfc M was 
performed in a heating run up to 18 K, where the 
heating was stopped, the field was removed and zero-
field-cooling was performed back to 2 K with 
additional stop for  w t  = 1 h at T1 = 12 K. At 2 K, the 
field was reapplied and  zfc M  was measured up to 30 K; 
(3) the same experiment, but the field was not applied 
during heating to 18 K. We observe (Fig. 23) that the 
memory imprint in  zfc M is consistently observed for all 
three experiments. The  zfc M curves of the simple one-
stop run and the experiment without the field during 
heating to 18 K are indistinguishable, whereas  zfc M  of 
the experiment with the field on during heating to 18 K 
is slightly larger, but with the same memory imprint as 
in the other two cases. The spin system is thus ready to 
memorize again just after the memory was erased and 
low external magnetic field has no influence on this 
phenomenon. 
 
g) Contribution of aging at lower temperature to 
aging at higher temperature 
It is interesting to see whether aging at a lower 
temperature has any influence on the aging at a higher 
temperature. We performed two experiments: (1) a 
simple one-stop run with  w t  = 4 h at T1 = 12 K and (2) 
an experiment, where the zfc cooling was first stopped 
at 12 K for  1 w t = 1 h [21]. The sample was then cooled 
to T2 = 10 K, where aging for  2 w t = 1 h was employed. 
The temperature was then raised back to T1 = 12 K, 
where additional aging for a time  3 w t = 3 h was 
employed before the cooling resumed to 2 K. There, the 
field was applied and  zfc M was measured. The total 
aging time spent at 12 K,  3 1 w w t t + = 4 h, was therefore 
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the same as in the first experiment, but there was 
additional aging for  2 w t  = 1 h at 10 K. Fig. 24 shows 
that  zfc M s of the two experiments are indistinguishable, 
showing identical memory imprint at 12 K, but no 
imprint at 10 K. Positive temperature step from 10 K to 
12 K has obviously erased aging at 10 K. Hence, aging 
at a lower temperature does not contribute to aging at a 
higher temperature; the effect of low-temperature aging 
is erased by the positive temperature step. Any (large 
enough) positive temperature step thus rejuvenates the 
system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 21. The influence of small magnetic field applied during the positive temperature step on the memory erase (for the T-AM 
sample) [21]. Two otherwise identical experiments with aging at T1 = 12 K for  w t = 1 h during the initial zfc run were performed, 
followed by a positive temperature step to 18 K, where in the experiment (1), small magnetic field was applied during the 
positive step and  zfc M  (curve 1a) was measured, whereas in the experiment (2), the field was switched off during the positive 
step.  zfc M s  measured after the positive step (curves 1b and 2) both show a complete memory erase (see the main panel), 
demonstrating that small magnetic field during the positive step has no influence on the erase. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 22. Memory erase by a small positive temperature cycle for the T-AM sample [21]. The sample was zero-field-cooled to 12 K, 
where aging for  w t  = 1 h was employed. After aging, the sample was heated to 15 K in the absence of an external magnetic field 
and then cooled continuously to 2K, where the field was applied and  zfc M  was measured (curve 2). Comparison to the reference 
(no-stop) run (curve 1) shows that the memory was completely erased also by this positive temperature cycle. Small difference in 
the vicinity of 15 K (indicated by an arrow) is due to the fact that some time was needed to reverse the direction of the 
temperature change after the positive temperature step, so that some aging took place. 
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Fig. 23. Memorizing again just after the memory was erased by a positive temperature cycle (for the T-AM sample) [21]. Three 
experiments were conducted: (1) a simple one-stop run with  w t  = 1 h at T1 = 12 K (curve 1); (2) an experiment employing first 
the zfc run to 2 K with aging for  w t  = 1 h at T1 = 12 K. At 2 K, the field was applied and the measurement of  zfc M (curve 2a) 
was performed in a heating run up to 18 K, where the heating was stopped, the field was removed and zero-field-cooling was 
performed back to 2 K with additional stop for  w t  = 1 h at T1 = 12 K. At 2 K, the field was reapplied and  zfc M  (curve 2b) was 
measured up to 30 K; (3) the same experiment, but the field was not applied during heating to 18 K (curve 3).  zfc M s are 
superimposed in the main panel, all showing the memory imprint. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 24.  Contribution of aging at lower temperature to aging at higher temperature (for the T-AM sample) [21]. Two 
experiments were performed: (1) a simple one-stop run with  w t  = 4 h at T1 = 12 K (curve 1) and (2) an experiment, where the 
zfc cooling was first stopped at 12 K for  1 w t = 1 h. The sample was then cooled to T2 = 10 K, where aging for  2 w t = 1 h was 
employed. The temperature was then raised back to T1 = 12 K, where additional aging for a time  3 w t = 3 h was employed, before 
the cooling resumed to 2 K. There, the field was applied and  zfc M (curve 2) was measured. The total aging time of 4 h spent at 
12 K was the same in both experiments, but there was additional aging for  2 w t  = 1 h at 10 K in the second experiment.  zfc M s of 
the two experiments, shown superimposed in the main panel, are indistinguishable. 
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h) Summary of the ME experimental results 
The above experimental results on the ME and 
rejuvenation can be summarized as follows: 
(i) a nonergodic magnetically-frustrated spin system 
memorizes its thermal history in a zero-field-cooled run. 
It memorizes both the temperature where the cooling 
was temporary stopped and for how long it was stopped. 
Though the ME is a result of an out-of-equilibrium spin 
dynamics, it is a fully reproducible phenomenon;   
(ii) isothermal aging of the spin system is inscripted 
in the zero-field-cooled electronic magnetization  zfc M . 
The inscription appears as a diminution (a dip) in  zfc M
with respect to  zfc M of the unaged system. Though 
zfc M  is a magnetic quantity, the memory inscription is 
thermally-induced and happens in the absence of any 
external magnetic field during cooling in zero field;  
(iii) although aging is performed at a sharp 
temperature, the normalized difference  M ∆ of the zfc 
magnetizations of the aged and unaged systems is 
smeared over a finite temperature interval about ± 2 
K around the stop temperature. Within this interval, 
M ∆ shows a resonant character, being peaked at the 
aging temperature. For the longest aging time employed 
in our experiments,  w t = 4 h,  M ∆ amounts up to 5 % 
(depending on the choice of the stop temperature); 
(iv) the ME is consistently observed at any stop 
temperature below Tf, but does not extend outside the 
nonergodic phase. Experiments performed on the T-
AM sample (Tf = 22.0 K), employing the same aging 
interval  w t = 1h at all stop temperatures, show that  M ∆
as a function of the stop temperature exhibits 
unexpected behavior.  M ∆ first increases for a 
decreasing stop temperature from Tf  to 10 K, where it 
exhibits a maximum. For the stop temperatures below 
10 K,  M ∆ decreases, but remains nonzero down to the 
lowest investigated stop temperature of 2 K; 
(v) at any investigated stop temperature, majority of 
the memory imprint happens during the initial aging 
interval of  w t ≈ 30 min. Longer aging up to 4 h adds 
little to the memory imprint. The approach of  M ∆
towards a saturated value upon  ∞ → w t  is 
astonishingly insensitive to the choice of T1 (hence to 
the difference  1 T Tf − ), suggesting that the ME 
depends on temperature very weakly; 
(vi) the choice of the starting temperature for the 
zero-field-cooling within the ergodic paraphase has no 
influence on the ME;  
(vii) the spin system can memorize more than one 
stop in a single zero-field-cooled run. Isothermal aging 
at a given temperature is independent of the rest of the 
thermal history in the same zfc run (provided no 
positive temperature steps are involved); 
(viii) a positive temperature cycle within  the 
nonergodic phase completely erases the memory and 
hence rejuvenates the spin system.  zfc M measured in a 
zfc experiment after a positive temperature cycle is 
again that of the "young" (unaged) system with no 
memory imprint. Memory is erased thermally, 
regardless of the presence or absence of a small 
magnetic field. Any heating above Tf into the ergodic 
phase erases the memory as well. This is different from 
canonical SGs, where correlated spin clusters extend far 
into the ergodic phase, so that heating to temperatures 
as high as 10Tf is needed to fully reset the ME; 
(ix) the spin system is ready to memorize isothermal 
aging again just after the memory has been erased by a 
positive temperature cycle within the nonergodic phase. 
Memory erase has no effect on the subsequent memory 
imprint (as the positive temperature cycle has 
completely removed the effect of previous aging). Low 
external magnetic field has no influence on this 
phenomenon; 
(x) aging at a lower temperature does not contribute 
to aging at a higher temperature; the effect of low-
temperature aging is erased by the positive temperature 
step. 
 
3.5. Discussion 
In order to understand the microscopic origin of the 
ME in the investigated T-phase and decagonal samples, 
let us first discuss specific features of the spin system in 
these compounds, as derived from the magnetic 
measurements. The analysis of the Curie constants 
(Table 2) reveals that the average magnetic moment per 
magnetic ion  B eff µ µ 7 . 2 =  in all samples is reduced by 
a factor about 2 with respect to the values expected for 
the bare Mn and Fe ions in an insulating environment. 
This difference can be attributed to the electrically 
conducting state of the investigated phases, where the 
ions are "dressed" by a conduction-electron cloud that 
partially compensates their spin. The degree of spin 
compensation depends on the local conduction-electron 
density of states (DOS) at the sites of the magnetic Mn 
and Fe atoms and generally varies from site to site. The  Dolinšek and Jagličić  29 
 
 
 
 
distribution of magnetic moments over the lattice sites 
was determined theoretically for the Hiraga model of 
the binary T-Al3Mn phase (more precisely, for one of 
its realizations, as fractional occupations of the lattice 
sites were replaced by integer values, either 0 or 1) by 
using spin-polarized  ab initio  calculations [65]. The 
results show that two of the Mn sites (Mn(5) and Mn(6)) 
carry substantial magnetic moments (0.66 and 1.0  B µ , 
respectively) and there is also a small moment at the 
Mn(2) site, whereas all other Mn sites carry moments 
smaller than 0.1  B µ  (positive or negative). Though the 
average effective moments per magnetic ion in our 
samples are significantly larger than this prediction, the 
ab initio  calculations offer the following qualitative 
picture: there exists a distribution of partially 
compensated magnetic moments at different Mn and Fe 
sites, ranging from large, of the order of a  B µ , to small 
moments of a fraction of a  B µ . 
The next important feature is the coupling between 
the moments. Paramagnetic susceptibilities yielded 
negative Curie-Weiss temperatures θ , suggesting 
dominant AFM-type coupling that favorizes antiparallel 
spin alignment. The exact nature of the exchange 
coupling (either direct exchange or RKKY) is not clear. 
The experiments reveal that the couplings are 
distributed in magnitude from weak to strong. This is 
evident from the magnetic-field dependence of the zfc 
and fc susceptibilities shown in Fig. 8a, where 
increasing magnetic field polarizes the spins, so that the 
difference between  zfc χ and  fc χ diminishes (the zfc–fc 
splitting is shifted to lower temperatures) and the 
polarized system behaves paramagnetic-like. A 
continuous disappearance of the difference between 
zfc χ  and fc χ  upon increasing the field up to 50 kOe 
reflects a continuous distribution of the exchange-
coupling energies. The strongest exchange-coupled 
spins are not polarized even by the field as large as 50 
kOe (as evident from the remaining zfc–fc 
susceptibility splitting of the 50 kOe curves, shown in 
the inset of Fig. 8a).  
The exchange-coupled spins are in a frustrated 
configuration to each other, resulting in broken 
ergodicity below Tf. The dynamics of the nonergodic 
phase is associated with progressive freezing of spin 
orientations (where, instead of single spins, one can 
also consider cluster spins). Upon cooling below Tf, the 
strongest coupled spins freeze first, whereas less 
coupled spins freeze at lower temperatures, once  T kB
becomes smaller than the energy needed to reverse a 
spin. A continuous distribution of couplings implies 
that at any temperature within the nonergodic phase, 
some spins just freeze, stronger-coupled spins are 
already frozen (they froze at a higher temperature) and 
some are still thermally reorienting and will freeze at a 
lower temperature. This real-space picture can be 
translated into the phase-space picture [6,40]. A real-
space spin reorientation changes the spin configuration 
from one to another metastable state, which in the 
phase-space means jump of the system from one to 
another minimum in the highly degenerate free energy 
landscape. The difference in the exchange energy upon 
spin reversal represents the energy barrier in the phase 
space that should be surmounted by the spin system to 
jump from one to another minimum. A distribution of 
exchange energies is related to a distribution of energy 
barriers. In the phase-space representation, aging during 
w t  at T1 can be viewed as a random-walk between the 
minima of the free energy [40,34,18] (Fig. 2) by 
jumping over the barriers that are of the order  1 T kB  or 
smaller. 
In order to understand the aging-induced thermal 
imprint (a dip) in  zfc M , we discuss first the specific 
temperature dependence of the reference (no-aging) 
zfc M , which exhibits a continuous increase towards  f T  
upon heating and a cusp at  f T . In the first part of the 
zfc experiment, the spin system is cooled in zero field 
from the paraphase through Tf  down to the lowest 
temperature. During continuous cooling, the 
nonergodic spin system has no time to equilibrate at 
any temperature in an energetically favorable 
configuration, not even locally. At the lowest 
temperature, all spins are randomly frozen in a spin-
glass configuration with no net spontaneous 
magnetization (Fig. 25a). This configuration is 
metastable and frustrated spins can easily be reoriented 
by the thermal energy  T kB . In a subsequent 
measurement of  zfc M , a small field is applied at the 
lowest temperature and the system is continuously 
heated. The nonzero  zfc M  is now originating from 
those spins that have thermally reoriented into the field 
in order to minimize their Zeeman energy. Due to the 
increase of the thermal energy upon heating, spins with 
increasingly stronger exchange couplings reorient into 
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towards  Tf, until at Tf  ,  zfc M  reaches the full 
equilibrium magnetization of the system for that 
particular temperature. Above Tf, the ergodic spin 
system behaves Curie-like paramagnetically that results 
in a cusp at Tf  and a  T 1 -type decrease of the 
magnetization towards higher temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 25. (a) Schematic representation of a randomly frozen 
spin-glass configuration with no net spontaneous 
magnetization, obtained in a continuous cooling run [21]. (b) 
During isothermal aging period, some spins quasi-equilibrate 
locally into more stable configurations (online red-colored 
spins within the dashed region, assuming an AFM-type 
coupling) and form ordered "spin droplets".  
 
The ME and rejuvenation in a zfc experiment with 
aging for a time  w t  at T1 can be understood as follows. 
During isothermal aging at T1, the spins that are still 
mobile at that temperature try to equilibrate in an 
energetically favorable configuration among 
themselves and with the spins already frozen. In this 
way, localized quasi-equilibrated "spin droplets" are 
formed. Due to the predominant AFM-type coupling, 
the magnetization of the droplets tends to zero. 
Magnetically quasi-ordered spin droplets are in a more 
stable configuration than the rest of the spin-glass 
matrix, so that higher thermal energy is needed to 
reverse a spin within a droplet. Resuming continuous 
zero-field-cooling after the isothermal aging, magnetic 
order within the droplets is partially frozen (it is frozen 
for those spins whose energy to reverse a spin is about 
1 T kB , whereas weaker-coupled (more reorientable) 
spins are still mobile and gradually freeze in a spin-
glass configuration at lower temperature). At the lowest 
temperature of the zfc run with aging at T1, all spins 
with reorientational energies either larger or smaller 
than  1 T kB are in a spin-glass configuration, whereas the 
spins with energies of about  1 T kB form regions with 
more stable quasi-equilibrated configurations (Fig. 25b). 
Upon  zfc M measurement in a subsequent heating run, 
zfc M  builds up as in the no-aging case, except in the 
vicinity of T1, where now higher thermal energy is 
needed to reorient the spins in the more-stable quasi-
ordered droplets. Consequently,  zfc M  shows 
diminution at T1 relative to the no-aging case. The fact 
that spins in the droplets are only slightly stronger 
coupled than those in the spin-glass configuration is 
evident from the fact that rejuvenation (the point where 
zfc M s of the aging and no-aging cases upon heating 
match again) appears at only slightly higher 
temperature than T1. In our experiments, this happens 
about  ≈ ∆T 2 K above. Memory erase (rejuvenation) 
involves destroying the more stable magnetic order 
within the quasi-equilibrated droplets by thermal 
reorientations. For this to happen, the positive 
temperature step should be large enough that the 
thermal energy can overcome the exchange-energy 
barriers for the spin reorientations within the droplets. 
Figs. 14–16 suggest that the positive temperature step 
of about  ≈ ∆T  2 K is sufficient to completely 
rejuvenate the system.  
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The above qualitative picture consistently explains 
all the experimentally observed features of the ME and 
rejuvenation, as presented in items (i) to (x) of the 
Summary of the ME experimental results given in the 
previous chapter. The gradual freezing of spins 
throughout the nonergodic phase due to distributed 
reorientational energies explains why aging at more 
than one temperature upon zfc cooling can be 
memorized. It also explains the apparent weak 
temperature-dependence of the ME: though spin 
dynamics is thermally activated, the distribution of 
jump barriers implies that different spins freeze over 
the entire nonergodic phase. The fact that the 
normalized difference  M ∆ between the zfc 
magnetizations of the aged and unaged systems at any 
stop temperature shows resonant character is a 
consequence of the energy conservation; only those 
spins attain quasi-equilibrated configurations at T1 by 
thermal flipping whose "up–down" energy difference 
matches  1 T kB . The magnitude of  M ∆ at a particular 
stop temperature is a measure of the fraction of spins in 
the ordered droplets relative to the total number of 
spins. In our investigated systems, this fraction amounts 
up to 5 %, depending on the stop temperature. The 
unusual temperature dependence of  M ∆ as a function 
of the stop temperature shown in Fig. 17b reflects the 
size of the droplet fraction relative to the total size of 
the magnetic phase at different stop temperatures and 
hence provides indirect information on the distribution 
of energy barriers for the spin reorientations.  
The above picture of quasi-equilibrated droplets that 
form locally during isothermal aging and are in a more 
stable configuration than the rest of the SG matrix, also 
explains the TRM–decay experiments. In the TRM 
field-cooled run, the ordered droplets form during the 
w t  aging interval in a field  fc H , where the spin system 
approaches an equilibrium state with nonzero 
magnetization  fc M  in a field  fc H . The attained spin 
order corresponds to the  0 ≠ fc M  state and is thus 
different from the zero-magnetization order in the 
droplets that form in the ME experiments in zero field. 
The slow build-up of the TRM in  fc H during  w t , 
shown in the inset of Fig. 12a, reflects the formation of 
quasi-equilibrated droplets in the field. Specification of 
the equilibrium state in the applied  0 ≠ fc H  is difficult, 
as the Zeeman and exchange interactions both affect the 
spin system to a similar extent. After the field is cut to 
zero, the equilibrium state with  0 ≠ fc M  in  fc H is 
replaced by a state with zero magnetization in  0 = fc H  
and the spin system proceeds towards this state during 
the decay time t. Quasi-equilibrated spin order with 
0 ≠ fc M  in the droplets is more rigid than that in the 
SG matrix, so that more time is needed to destroy it 
towards the  0 = fc M state, which accounts for an 
increasing TRM amplitude and its slower decay in t 
upon increasing aging time  w t  (Fig.  12). The  fc H –
dependence of the TRM magnitude can also be 
explained by this picture. Magnetic field "holds" the 
exchange-coupled spins (the jump barriers between 
metastable states are increased by the Zeeman energy, 
fc fcH M ), which are less free to reorient, so that the 
approach towards quasi-equilibrium during  w t  in 
0 ≠ fc H  is slower in larger field, resulting in smaller 
TRM upon increasing  fc H . This is indeed observed in 
Fig. 13. 
 
3.6. Conclusions 
The investigated Taylor-phase binary complex 
intermetallic compound T-Al3Mn, its solid solutions 
with Pd and Fe, and its decagonal quasicrystal 
counterpart show pronounced broken-ergodicity 
magnetic phenomena (zfc-fc susceptibility splitting in 
low magnetic fields, frequency-dependent cusp in the 
ac susceptibility, hysteresis and remanence, ultraslow 
decay of the thermoremanent magnetization and the 
memory effect and rejuvenation) associated with the 
out-of-equilibrium dynamics of a frustrated spin system. 
All these phenomena originate from the nonergodicity 
of a frustrated system of coupled spins that cannot 
come into thermal equilibrium on any experimentally 
accessible time scale. At any temperature within the 
nonergodic phase, the spin system evolves towards a 
global equilibrium, but since equilibration requires 
macroscopic times, we observe experimentally only 
transient effect of partial equilibration of localized 
domains. The degree of quasi-equilibration depends on 
the time the spin system spends at a given temperature 
under steady external conditions, the phenomenon 
called aging. The most spectacular manifestations of 
the non-equilibrium dynamics are the ME, where a 
given state of the spin system attained during 
isothermal aging can be retrieved after a negative 
temperature cycle, and rejuvenation, where the memory 
is erased by a positive cycle. These two phenomena get 32  Journal of Analytical Science & Technology (2012) 3 (1), 1-41 
 
 
 
 
simple explanation by considering that during 
isothermal aging, localized spin regions equilibrate into 
more  stable configurations, so that higher thermal 
energy is needed to destroy these regions by spin 
flipping, as compared to the thermal energy required to 
reverse a frustrated spin in a disordered spin-glass 
configuration that forms in the case of no aging. This 
simple picture consistently explains all the observed 
experimental features of the ME and the aging effects 
in the TRM ultraslow decay, as elaborated in detail in 
this chapter. 
The observed aging phenomena are a consequence of 
the out-of-equilibrium dynamics of a nonergodic 
system and are not present in ergodic (thermal-
equilibrium) systems. Their common denominator is 
the slow approach towards equilibrium, which can 
globally never be reached. Such nonequilibrium 
dynamics is difficult to treat theoretically, as the 
relevant physical quantities are time-dependent instead 
of being time-independent thermodynamic quantities. 
Among the magnetically frustrated spin systems, these 
phenomena have been observed before in site-
disordered spin glasses and geometrically frustrated 
site-ordered spin systems, but it is somewhat surprising 
that they also exist in the investigated T-phase Al3Mn, 
Al3(Mn,Pd) and Al3(Mn,Fe) complex intermetallics and 
in the Al3(Mn,Fe) decagonal quasicrystal. Though 
substitutional site-disorder may be expected for the 
solid solutions T-Al3(Mn,Pd) and T-Al3(Mn,Fe), it is 
not present in the binary T-Al3Mn (apart from the ever-
present chemical disorder on the lattice). There is also 
no indication that these systems belong to the class of 
geometrically frustrated spin systems. One reason for 
the frustration of the spin system in the T-phases is 
perhaps the fact that magnetic moments at the 
transition-metal lattice sites are distributed in 
magnitude due to site-dependent partial spin 
compensation by the conduction-electron cloud, which 
induces a distribution of exchange energies needed for 
frustration. Chemical disorder and geometrical 
frustration—though seemingly not of prime 
importance—may add to this effect as well. 
 
 
 
 
 
4. Magnetically frustrated solids as 
materials for a thermal memory cell 
application 
 
The out-of-equilibrium spin dynamics and the 
ultraslow approach towards thermal equilibrium in 
magnetically frustrated solids provide the physical 
principle of a novel concept of digital data storage, 
where a byte of digital information can be stored into 
the storage medium by pure thermal manipulation in 
the absence of an external magnetic or electric field. 
Thermal inscription of information employs a specific 
temperature–time profile that involves continuous 
cooling and isothermal waiting time periods. The 
storage media can be in principle any magnetically 
frustrated solids. Below we present the thermal data 
storage concept by thermally writing arbitrary ASCII 
characters into the Taylor-phase T-Al3(Mn,Fe) complex 
intermetallic compound and the Cu-Mn canonical spin 
glass [25].  
 
4.1. A bit and its physical realization in DRAM, 
hard disk and CD-ROM 
A bit, being short for binary digit, is a basic unit of 
information storage and communication in digital 
computing and digital information theory. Being a 
discrete storage unit by taking a value either 0 or 1, a 
single bit is like a switch; it can be either on (1) or off 
(0). A bit is a "one" or a "zero", a "true" or a "false", a 
flag which is "on" or "off", or in general, the quantity of 
information required to distinguish two mutually 
exclusive equally probable states  from each other. A 
byte  is an ordered collection of bits, most often 
consisting of eight bits (e.g., the number 10010111 is 
eight bits long, representing one byte). A byte is the 
smallest unit of binary data on which meaningful 
computation can be performed. 
Bits can be physically represented in many forms. In 
digital circuits, bits are represented as electrical levels. 
For some devices, a 1  is represented by a non-zero 
voltage, while a 0 is represented by a zero voltage. In 
conventional dynamic random access memory 
(DRAM), physical realization of this concept involves a 
grid of small capacitors and their associated writing and 
signalizing transistors. Each storage element, a memory 
cell, consists of one capacitor and one transistor. Data 
in a DRAM is stored as the presence (1) or lack (0) of  Dolinšek and Jagličić  33 
 
 
 
 
an electrical charge in the capacitor. On compact disk 
read-only memory (CD-ROM), bits are represented as 
"pits" or "grounds". A pit refers to a small groove on 
the CD, which diffracts away the laser that reads it. 
Ground, on the other hand, refers to the flat reflective 
surface, which reflects the light of the reading laser 
back into the laser, where it is picked up by a sensor. 
The transition between a pit and a ground means a 1, 
and a short period of time on the same level is a 0. Bits 
can also be represented magnetically. A magnetic-
storage device uses different patterns of magnetization 
in a magnetizable material to store the data. In hard 
disks, ferromagnetic surface layer on the platter is 
conceptually divided into many small sub-micrometer-
sized magnetic regions, each one used to encode a 
single bit of information. Each magnetic region forms a 
magnetic dipole, which is magnetized directionally 
"up" or "down" by a write head to represent either a 1 
or a 0. 
Common to all the above memory cells is the fact 
that digital information is inscripted into the 
memorizing medium by an external field, either electric 
(DRAM), magnetic (hard disks) or electromagnetic 
(laser light on CDs). Here we present a conceptually 
different way of encoding digital information into the 
storage medium, where bits of information can be 
stored by pure thermal manipulation of the material in 
the absence of any external field. We present the 
principle of a new kind of memory element, a thermal 
memory cell (TMC). 
 
4.2. A thermally inscripted bit of digital information 
Thermal storage of digital information is based on 
the memory effect, described in detail in Chapter 3.4. 
We first consider the Taylor-phase T-Al3(Mn,Fe) 
material as the storage medium [25]. We have used a 
single-crystalline material with composition 
Al72.5Mn21.5Fe6.0  and dimensions 2 × 1 × 1 mm
3, 
produced by the Bridgman technique [50]. Thermal 
manipulation of the material (writing and reading the 
information upon cooling/heating) was performed in 
the cryostat of a Quantum Design MPMS XL-5 SQUID 
magnetometer that operates in the temperature range 2 
– 400 K. Samples were in direct contact with the cold 
helium gas. After the stop at a given temperature, a 
stabilization of the temperature within 0.01 K was 
achieved within one minute, where this time is mainly 
determined by the heat capacity of the cryostat. The 
zero-field condition was obtained by compensating the 
residual magnetic field (including the Earth's magnetic 
field) inside the magnet by the Ultra-low-field option 
that is a part of the MPMS system. After performing 
this procedure, the remaining residual magnetic field at 
the position of the sample amounted less than 0.05 Oe. 
The true zero-field condition is not critical for the TMC 
operation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 26.  (a) Temperature-time protocol for the thermal 
inscription of information in a zfc run. The information is 
stored three times by isothermal aging for  w t = 1 h at 
temperatures  1 T = 24.5 K,  2 T = 17 K and  3 T = 9.5 K. (b) zfc 
electronic magnetization of the Al72.5Mn21.5Fe6.0 Taylor-phase 
monocrystal for two thermal histories: the reference (no stop) 
zfc run ( 0
zfc M , curve 1) and the zfc run with three 
consecutive stops at the above temperatures ( ( ) 3 2 1 , , T T T M zfc , 
curve 2). The freezing temperature  f T = 29 K is defined from 
the cusp in  zfc M (indicated by an arrow). In (c), the 
magnetization difference  M ∆  between the curves 1 and 2, 
exhibiting peaks at  1 T ,  2 T and  3 T , is shown. Reproduced 
with permission from ref. [25]. Copyright 2009, American 
Institute of Physics. 
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The Mn and Fe atoms in the T-Al3(Mn,Fe) material 
represent a network of predominantly 
antiferromagnetically coupled localized spins. 
Magnetization measurements have shown that the 
nonergodic phase in this material occurs below Tf = 29 
K (Fig. 26b), defining the temperature range where the 
information can be thermally stored into the crystal. 
The information is stored by employing a specific 
temperature–time profile (Fig. 26a), involving 
continuous cooling and isothermal waiting (or "aging") 
time periods in the absence of any external magnetic or 
electric field (a zero-field-cooling procedure). During 
the continuous cool-down below Tf, the nonergodic spin 
system has not enough time to equilibrate at any 
temperature in an energetically favorable configuration, 
not even locally, so that the spins freeze with random 
orientations into a metastable spin glass configuration. 
Due to the distribution of spin couplings, the spins 
freeze gradually over the entire nonergodic-phase 
temperature range. The stronger-coupled spins freeze 
first, whereas weaker-coupled spins freeze at lower 
temperatures, once the thermal energy  T kB  becomes 
smaller than the electrostatic exchange energy needed 
to reverse a spin in a frustrated configuration. At a 
certain temperature  f T T < 1 , the cooling is temporarily 
stopped and the spin system is let to age isothermally at 
T1 for a certain waiting time  w t  of the order of minutes 
to hours. During aging, the spins that are still mobile at 
that temperature try to equilibrate into an energetically 
favorable configuration (predominantly AFM-ordered) 
among themselves and with the spins already frozen. In 
this way, quasiequilibrated magnetic domains, 
generically termed as "spin droplets", are formed. 
Resuming continuous cooling after the isothermal aging 
period, magnetic order within the droplets is preserved 
(spin orientations in a droplet formed at T1 are frozen 
for those spins whose energy to reverse a spin is about 
1 T kB , whereas weaker-coupled spins are still mobile 
and gradually freeze in a spin-glass configuration at 
lower  temperature). Making another stop at a lower 
temperature  1 2 T T < , quasiequilibrated spin droplets are 
formed also at  2 T , this time involving spins with lower 
thermal energy  2 T kB  for the spin reorientations. For the 
binary Taylor-phase T-Al3Mn system, it was shown [21] 
that spin droplets can form by isothermal aging at any 
temperature below Tf in the nonergodic phase, owing to 
the continuous distribution of exchange couplings 
between the spins. A droplet formed at a given 
temperature contains information on the aging 
temperature as well as on the aging time spent at that 
temperature, so that the spin system remembers its 
thermal history. It was demonstrated [21] that during a 
single cooling run, several subsequent stops at different 
temperatures below Tf can be memorized independently. 
At the end of the cooling run, which may have involved  
several subsequent stops at different temperatures, the 
spin system is situated at the lowest attained 
temperature and contains thermally stored information 
on all stop temperatures and the duration of each stop. 
The information on a particular stop temperature  i T  
remains stored as long as the temperature of the system 
does not exceed that temperature.  Raising the 
temperature back to  i T  does not erase the stored 
information, as  i BT k  is now not enough to destroy the 
more stable local magnetic order within the droplets. 
To erase the memory, the temperature should be raised 
slightly higher to  T Ti δ + (with K T 2 ≈ δ for the T-
Al3(Mn,Fe) phase [21]), so that the lattice can supply 
enough thermal energy,  ( ) T T k i B δ + , to destroy the 
magnetic order within the droplets formed at  i T . 
Reading the thermally stored information is 
conveniently done by employing a low static magnetic 
field of about  ≈ H  4 Oe at the lowest temperature after 
the write procedure has been completed and then 
recording the electronic magnetization (the zfc 
magnetization  zfc M ) in a continuous heating run 
without any stops. In the absence of the field, the spins 
in both the spin glass matrix and the quasiordered AFM 
droplets show no net spontaneous magnetization. 
Applying the field, the exchange-coupled spins start to 
thermally reorient into the magnetic field to minimize 
their Zeeman energy, so that  zfc M  starts to build up. At 
the lowest temperature, the weakest-coupled spins 
contribute to  zfc M only, whereas the increase of the 
thermal energy upon heating implies that increasingly 
stronger-coupled spins reorient into the field, resulting 
in a progressive growing of  zfc M , until at Tf,  zfc M
reaches the full equilibrium paramagnetic 
magnetization. While in the temperature intervals 
where the preceding zfc cooling was continuous (no 
aging employed),  zfc M  builds up continuously from 
spins in the spin glass matrix,  zfc M  shows anomalies in 
the vicinity of the stop temperatures  i T . As  i BT k  is not 
enough to reorient a spin in a more stable droplet  Dolinšek and Jagličić  35 
 
 
 
 
formed at  i T ,  zfc M  shows diminution (a dip) at  i T  as 
compared to the no-aging case. The thermally stored 
information is best retrieved by performing two 
complementary experiments (Fig. 26b): (1) a zfc 
reference cooling run without any stop to the lowest 
temperature (involving no thermal inscription of 
information) and then recording the zfc magnetization 
0
zfc M in a subsequent heating run and (2) a zfc run with 
stops at the desired temperatures  i T  for aging times  wi t  
with the subsequent  zfc magnetization  ( ) wi i zfc t T M , . 
The difference  ( ) wi i zfc zfc t T M M M ,
0 − = ∆  then appears 
in the form of resonant peaks on the baseline, located at 
the selected set of stop temperatures (Fig. 26c). A peak 
in  M ∆ at a given  i T  demonstrates thermal inscription 
of information at that temperature (and can hence be 
considered as a logic "high" value or a 1), whereas 
"ground" (no peak) at  i T  shows the absence of stored 
information, corresponding to a logic "low" or a 0. 
 
4.3. The thermal memory cell 
The thermal memory cell is now established in the 
following way [25]. The full temperature range of the 
nonergodic phase is divided into a set of equal 
temperature subintervals  T ∆ . For our T-Al3(Mn,Fe) 
crystal with Tf = 29 K, the width of the interval was 
taken as  T ∆ = 2.5 K and the interval centers were 
equally spaced at  i T  = 27, 24.5, 22, 19.5, 17, 14.5, 12 
and 9.5 K (where i = 1,…,8 with T1 = 27 K and T8 = 9.5 
K), defining eight successive temperature subintervals 
on the temperature axis. Each successive  T ∆  
subinterval is considered to represent one single-bit 
memory section. Digital information is inscripted into 
each memory section by a thermal write procedure 
during a cooling run, employing either continuous 
cooling over the associated temperature subinterval (no 
inscription, equivalent to writing a 0 into the memory 
cell), or stopping for a time  w t  at a particular  Ti 
(creating a peak in  M ∆  at Ti, thus writing a 1). For 
example, successive stops at 24.5, 17 and 12 K with 
continuous cooling in between will write a number 
01001010, which is an eight-bit byte of digital 
information. The storage medium, in this case the 
complete crystal, represents a TMC that is capable of 
storing a byte of information by pure temperature 
manipulation. The information is stored into the bulk of 
the crystal without any controlled spatial localization, 
as spin droplets can form randomly anywhere in the 
crystal. This is conceptually different from DRAMs, 
CD-ROMs and magnetic hard disks, where the stored 
bits of information are spatially well localized. A 
thermal bit of information can be physically interpreted 
in the following way: digital information is thermally 
stored into the local magnetic order of coupled spins, 
where metastable spin glass order represents a 0, 
whereas more stable AFM order represents a 1. The 
read process of a TMC is destructive, i.e., the thermally 
stored information is lost by reading, as heating 
irreversibly destroys the quasiequilibrated spin droplets. 
The TMC can, however, memorize again immediately 
after the memory read-out [21]. 
Being capable of storing an eight-bit byte of 
information,  our TMC based on the Taylor-phase 
crystal is capable of thermally storing and then reading 
any ASCII character, used to represent text in 
computers [25]. ASCII is a seven-bit code (range 0 – 
127), specifying correspondence between digital bit 
patterns and character symbols (e.g. 1000001 stands for 
A). To write various ASCII characters, our thermal 
writing procedure involved a zfc cooling run performed 
in the cryostat of a SQUID magnetometer, starting at T 
= 31 K > Tf with a cooling rate of 2 K/min. In order to 
write a 1 at a selected stop temperature i T , cooling was 
stopped there for  w t = 1 h. The lowest temperature 
achieved in the zfc cooling run played no measurable 
role in the thermal writing procedure and was taken 
somewhere below 8 K. In order to see how durable the 
memory imprint is, we have left the system at the 
lowest temperature (2 K and 8 K) for up to 10 days 
before reading the memory. No observable degradation 
of the stored information was observed under these 
conditions. An eight-bit byte with all bits set to "high", 
i.e., 11111111, is displayed in Fig. 27a, showing that all 
eight peaks in  ( ) T M ∆ are clearly recognizable. Due to 
the finite width of each individual peak in a given  T ∆
interval, the peaks overlap at the base and the baseline 
is consequently not well pronounced. A simple data 
manipulation procedure, by taking the negative second 
derivative 
2 2 dT M d ∆ − and clipping the negative parts 
then yields a familiar "digital" pattern (Fig. 27b) with 
separated peaks and well-pronounced baseline. In Fig. 
28, a selected set of thermally written ASCII characters 
is shown, where the bits are counted from the highest 
temperature down (the first bit is at T1 = 27 K and the 
eighth bit at T8 = 9.5 K).  Due to the seven-bit character 36  Journal of Analytical Science & Technology (2012) 3 (1), 1-41 
 
 
 
 
of the ASCII code, the first bit was always set to zero. 
Leaving out the first bit from the digital code, these 
characters are 1000001 = A, 1010011 = S, 1001101 = 
M, 1110011 = s, 1111011 = { and 0111100 = <. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 27.  An eight-bit byte of thermally inscripted digital 
information with all bits set to high, i.e., 11111111.  The 
material used is the Taylor-phase Al72.5Mn21.5Fe6.0 crystal.  In 
(a), raw  ( ) i T M ∆  data is shown, whereas in (b), the data was 
processed by taking a negative second derivative and 
subsequent clipping of the negative parts to give a digital 
pattern, consisting of peaks (1) and baseline (0). The units of 
2 2 dT M d ∆ − are 10
–2  emu/molK
2. Reproduced with 
permission from ref. [25]. Copyright 2009, American 
Institute of Physics. 
 
We have successfully written ASCII characters also 
in a TMC made of another magnetically frustrated 
material, the Cu-Mn canonical spin glass of 
composition Cu92Mn8, polygrain morphology and 1×1
×1 mm
3 volume [25]. The material was produced by 
levitation induction melting in a water-cooled copper 
crucible under argon atmosphere. For this chemical 
composition, the nonergodic phase occurs below Tf = 
34 K and the same physical principle of the thermal 
inscription of information applies as in the previously 
described case of T-Al3(Mn,Fe). The width of the 
temperature interval representing one bit was taken  T ∆
= 3 K and the interval centers were equally spaced at  i T  
= 32, 29, 26, 23, 20, 17, 14 and 11 K. The waiting time 
at each stop temperature was again  w t = 1 h. The 
thermally-written ASCII characters 1000001 = A, 
1110011 = s and 0111100 = < are shown in Fig. 29. 
The bits are again counted from the highest temperature 
down and the first bit at T1 = 32 K was always set to 
zero. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 28.  Thermally written selected ASCII characters in a 
TMC using the Taylor-phase Al72.5Mn21.5Fe6.0  crystal. The 
digital bit patterns and the associated character symbols are 
indicated on the graphs. The left column represents the raw 
( ) i T M ∆  data, whereas the right column shows processed data 
using the procedure of Fig. 27. Reproduced with permission 
from ref. [25]. Copyright 2009, American Institute of Physics. 
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Fig. 29. Thermally written selected ASCII characters in a  
TMC using the Cu92Mn8 canonical spin glass. The digital bit 
patterns and the associated character symbols are indicated 
on the graphs. The left column represents the raw  ( ) i T M ∆  
data, whereas the right column shows processed data using 
the procedure of Fig. 27. Reproduced with permission from 
ref. [25]. Copyright 2009, American Institute of Physics. 
 
4.4. Discussion 
For our TMC materials employed—the Taylor-phase 
intermetallic compound of composition 
Al72.5Mn21.5Fe6.0 and the Cu92Mn8 canonical spin glass 
with freezing temperatures Tf = 29 K and Tf = 34 K, 
respectively—the thermal storage of information is 
restricted to low temperatures  f T T < . A moderate 
increase of the transition metal (Mn or Fe) 
concentration should shift  f T to higher temperatures, 
enabling the operation of the TMC at higher 
temperatures, possibly at temperatures above liquid 
nitrogen. Currently, writing the information is done in a 
purely thermal manner in the absence of any external 
field, whereas the read-out employs a minute magnetic 
field and is hence magnetic in origin. Magnetic read-
out is due to the fact that the electronic magnetization 
of the TMC material is detected to read the information. 
A purely thermal read-out procedure without any 
external field seems realistic as well. Destroying the 
more stable spin droplets in a read process requires 
thermal energy supplied by the lattice, which is an 
endothermic process. Calorimetric read-out should 
yield a negative endothermic peak at a particular aging 
temperature  i T in a similar way as the  ( ) i T M ∆ peak 
appears in the magnetic read-out. Employing a state-of-
the-art calorimeter with high sensitivity, calorimetric 
read-out should be feasible, so that both memory write 
and read procedures can be done in a purely thermal  
manner. 
For the TMC read-out, the zfc reference cooling run 
without any stop to the lowest temperature (involving 
no thermal inscription of information) and then 
recording the zfc magnetization 
0
zfc M in a subsequent 
heating run is performed only once. It provides 
calibration of the TMC for the determination of the 
difference signal  ( ) wi i zfc zfc t T M M M ,
0 − = ∆  in 
subsequent cooling runs involving thermal inscription 
of information. 
Though the ME is a result of an out-of-equilibrium 
spin dynamics, it is a fully reproducible phenomenon,
 
independent of the start and end temperature of a zfc 
run [21].
  Consequently, the operation of a TMC is 
reproducible. 
The true zero-field condition is not a critical issue in 
the thermal-write procedure of a TMC. We obtained 
equal results for cooling runs after the zero-field 
compensation procedure and for the uncompensated 
case, where cooling took place in the residual magnetic 
field of about 3 Oe.   
The volumes of the employed TMC storage materials 
(2×1×1 mm
3 for the T-Al3(Mn,Fe) and 1×1×1 mm
3 
for the Cu-Mn) are convenient for handling in our 
experiments. However, the TMC volumes can be much 
smaller and the minimum volume is currently 
determined by the sensitivity of the magnetometer used 
for the magnetic read-out of information. In our case, 
the read-out was performed in the magnetic field of 4 
Oe, yielding  M ∆ signals in the range 10
–5 emu. The 
sensitivity of the employed Quantum Design XL-5 
SQUID magnetometer is in the range 10
–8 emu, so that 
about 1000–times smaller TMC volumes could still be 
effectively used in our experiments (assuming the 
material is not contaminated by ferromagnetic 
impurities). For the thermal writing of information, the 
volumes can be even much smaller. As the information 
is inscripted into the bulk of the material, the problem 
could arise upon approaching the nanoscale dimensions 
of the TMC, i.e., when the fraction of surface spins 
would no more be negligible to the bulk fraction.   
Though we have used a T-Al3(Mn,Fe) single-
crystalline material, single crystals are generally not 
needed for a TMC, as verified by studying the ME on a 
set of polycrystalline Taylor-phase samples [21]. As the 
quasiequilibrated spin droplets can form anywhere in 
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the TMC material, it is expected that upon cutting the 
TMC into two or more bulky pieces after the thermal-
write procedure, each piece will retain the full 
inscripted information, a feature that is reminiscent of 
holographic optical storage media. 
The fact that the thermally inscripted information is 
stored into the bulk of the material without any 
controlled spatial localization makes TMCs 
conceptually different from DRAMs, CD-ROMs and 
magnetic hard disks, where the stored bits of 
information are spatially well localized. The bits in the 
TMC are, however, localized on the temperature scale. 
The measured  M ∆ signal is essentially an analog 
signal. It becomes digital after we assign logic 1 to the 
case of a  M ∆ peak in a given  T ∆ interval and logic 0 
to the "ground" (no-peak) case. 
For writing the ASCII characters, we used 
conveniently the waiting time of  w t = 1 h at each stop 
temperature. By determining the  ( ) w t M ∆  dependence 
over the whole temperature range of the nonergodic 
phase [21], we have verified that considerably shorter 
waiting times of about 10 minutes already give easily 
measurable  M ∆ signals. A factor of ten shorter writing 
times are thus realistic. 
In comparison to the Taylor-phase Al72.5Mn21.5Fe6.0 
crystal with Tf = 29 K, the freezing temperature of the 
Cu92Mn8 is higher (Tf = 34 K), so that the temperature 
interval of the nonergodic phase could be partitioned 
into larger  T ∆ = 3 K intervals, representing single bits. 
The individual bits are consequently better resolved on 
the temperature scale. Using smaller  T ∆ = 2.5 K for the 
Cu92Mn8 is feasible, enabling formation of a larger byte 
with more than eight bits (e.g., a ten-bit byte), where 
each additional bit increases the information storage 
capacity of a TMC by a factor 2. 
The TMC offers potential to develop a conceptually 
new type of a purely thermally driven memory for 
digital application. The employed T-Al3(Mn,Fe) 
intermetallic compound and the Cu-Mn canonical spin 
glass may be considered as convenient materials for the 
TMC application, but the thermal memory effect is a 
general phenomenon, present in a variety of 
magnetically and electrically frustrated nonergodic 
solid materials. The feature of a TMC that the 
information stored can be read only once, i.e. the data is 
unavoidably erased during reading, prompts for the 
application in the data security and secure data transfer 
issues. We furthermore point out that the TMC concept 
can be employed in other scientific disciplines: cold 
transition-metal-rich particles, contained in the 
interstellar and interplanetary dust may be understood 
as pristine TMCs. Read-out of particles of suitable 
chemical composition may enable retrieving their 
thermal history and provide valuable information e.g. 
on the formation of late-type stars and on early stages 
of the galaxy. 
 
 
5. Concluding Remarks 
 
The out-of-equilibrium dynamics of magnetically 
frustrated systems remains one of the challenging fields 
in condensed matter physics. At the spin freezing 
temperature, the system of coupled spins in a frustrated 
configuration undergoes an ergodic–nonergodic phase 
transition, where spin reorientations can no longer 
maintain thermal equilibrium on the experimentally 
accessible time scales. Ergodicity of the spin system is 
consequently broken and the out-of-equilibrium 
dynamics is associated with slow approach towards 
thermodynamic equilibrium, which can never be 
reached due to macroscopic equilibration times. 
Magnetic quasicrystals with spins placed on a 
quasiperiodic lattice that exhibits nonperiodic long-
range order with crystallographically forbidden 
symmetries, and complex metallic alloys, characterized 
by giant unit cells, exhibit variety of broken-ergodicity 
phenomena that share properties with the site-
disordered canonical spin glasses and the site-ordered 
geometrically frustrated antiferromagnets. They can be 
best classified as a combination  of both. Magnetic 
frustration provides basis of a novel concept of digital 
data storage, where a byte of digital information can be 
stored into the system of frustrated spins by pure 
thermal manipulation, in the absence of electric, 
magnetic or electromagnetic field. The concept of  a 
thermal memory cell was successfully demonstrated on 
the magnetically frustrated complex intermetallic phase 
T-Al3(Mn,Fe), the decagonal quasicrystal d-Al-Mn-Fe 
and the canonical spin glass Cu-Mn as the storage 
media. 
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